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CHAPTER 1.0
SUMMARY

This document is a status report on the NERVA Source Term Program, which is part
of the . erail ROVER Flight Sofety Program, This latter program has as its purpose the evalu-
aiion of the potential radiological safety problems arising from an in-flight abort of a nuclear
piopelled rocket vehicle and the development of safety countermeasures which wi!l be effec-
tive in minimizing thes: problems. A number of governmental agencies and industrial organi-
zations have participated in the ROVER safety studies. The Source Term Program is concerned
with the cc-relation of the information pertaining to the radiologicai safety problems resulting
from re-entry and earth impaction of radioactive materials generated during flight operations
of NERVA-type nuclear rocket engines. Such infurmation encompasses the following topic
areas: accident models and flight failure probabilities of nuclear powered rocket vehicles,
the amount anA distribution of radioactive debris on the Earth's surface in the event of an
in~-flight failure, evaluation of flight safety countermeasure systems, interactions of radioactive
debris with man and evaluation of the resulting radiological effects, and probable radiation
exposure of the world population resulting from nuclear rocket fiight operations. "Source
Term" reports summarizing this information have been periodically issued. This document
summarizes the source term studies and flight safety werk performed in the period from Septem-
ber 1964 to September 1966.

The following statements and conclusions are based on the information presented in
this report:

1. Estimation of the fission product inventory of the fuel debris impacting the

Earth's surface in the event of flight failure, requires the consideration of
various fission product loss mechanisms and the operational and post-opera-
tional history of the reactor. Fission product losses from the “jel can occur by
diffusion, corrosion, and re-entry burnup. Under normal (design) operating
.onditions total loss of fission products from NERVA reactors by diffusion and

corrosion mechanisms will probably not exceed 5 percent of the total inventory

"
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generated. Loss of coolant or reactor excursion accidents would result in sig-
nificant loss of fission product inventory by diffusion due to the high core tem-
peratures reached. Loss of fission products from fuel fragments by atmospheric
burnup and ablation during re-eniry is dependent on the size of the fragments.
Particles smaller than about 1/32 inch have ¢ maximum of 50 percent burnup

with burnup percentage decreasing for larger sized particles.

The source term due to neutron activation of the struciural and metallic com-
ponenis of a NERVA engine is small in comparison with that due to fission pro-
ducts from the fuel moterials. Thus the contribution of activation products to
the total radioactive source strength of re-entering debris can be neglected in

a safety analysis without introducing significant uncertainties in the analysis.

The nature of an in-fiight accident and the probability of vehicle system failurec
during flight must be known in order to define the probable radiation exposures
to the population resulting from that accident. Examination of possible ight
accident events for an NRX-type engine lead to the selection of a loss-of-cool-
ant situation as being the most severe credibie malfunction situation, Based on
the present design concept for the NERVA (5000 Mw) reactor, there do not
appear to be any flow accident situations different from the NRX reactor other
than loss-of-coolant to the tie tubes. However, there is stil! a need for detailed
examination and identification of maifunction situations and evaluation of the

response of the flight system to such malfunctions.

Conservative estimates have been made of the nuclear stage reliability for
hypothetical flight missions powered by NRX and NERVA sized engines. These
reliobility estimates were used to derive o function defining the probability of
failure per second during the entire time interval of nuclear powered flight for
these missions. These probability functions were used in the safety analysis of

these missions to predict expected population radiation dose exposures,
e
!,é'-'v TV 2 N R
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If no major counrermeasure action is taken following an in-flight loss-of-coolant
accident (a "passive" re-entry situation), an NRX-type reactor will spontane-
ously disassemble due to post-operational heating effects. Axial core support

is lost within 20 to 30 seconds due to melting of the tie rods. The lateral core
support system fails at about 160 seconds aofter the loss-of-coolant accident.
Under tumbling conditions, fuel elements could be ejected out the nozzle,
Between 150 to 550 seconds after loss-of-coolant, tne core support plate is
incapable of supporting any loads. During final re-entry, when the re-entry
vehicle ence'nters maximum aerodynamic heating and loading, complete dis-
assembly will occur, with burnup and failure complete at cbout 95, 000 feet

altitude.

The NERVA (5000 Mw) reactor should maintain its integrity under loss-of-
coolant conditions for substantially longer time periods than the NRX based on
the present conceptual NERVA design. The effective lifetime of the lateral
support system will be determined by the lifetime of the beryllium reflector.
Design features of the NERVA reactor to insure integrity for extended time

periods under loss-of-coolant conditions are currently under study.

Conceptual auxiliary thrust systems (ATS) appear feasible to insure a safe dis-
posal of a failed radicactive nuclear engine. This can be accomplished by
either dumping the engine into deep ocean waters or by boosting the engine

into a long-lived Earth orbit thereby extending time of radioactive decay to an
acceptable value. The conceptual ATS design utilizes multiple solid-propellant
rocket motors mounted on the instrument unit at the forward e~ 1 of the hydrogen
propellant tank of the nucleor stage. Use is made of the thrust obtained by
controlled dumping of the liquid hydrcgen propellant remaining in the NERVA

propellant tank. The successful use of an ATS system assumes integrity of the

—t
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ie..ctor up to and during the time of applicatior of the auxilliary thrusting
aztion. Therefore, reactor integrity following loss=of-coolant accidents must

be assured if the ATS system is to be a successful safety countermeasure.

Ar explosive destruct test of a full scale mockup of @ NERVA-NRX reactor has
or vided the best available data on the expected fragmentation of the reactor
co e that would result from use of an explosive destruct countermeasure. The
detonation of four in-place projectiles located in each quadrant of the core
yie!ded a non-isotropic spatial distribution of the core debris. The measured
distribution of fragment numbers, mass, size, velocity, and spatial location
have been used to predict the Earth impact patterns of core delris resulting
from application of an in-flight explosive destruct countermeasu-e. Analyses
have shown that for a critical 10 second time interval of a NERVA sub-orbit
stait trajectory in which a failure would result in African impact under passive
re-entry cond’* ons, explosive destruct utilized during the first four seconds of
the interval could result in all debris impacting in the ocean. However, this
ovoidance of land deposition of the debris c.n be accompliched only it the
destruct action is initiated over a very narrow rarge of reactor cttitudes, For
failure times later thein the first four seconds, some land impact of debris will

occur regardless 7 veactor ottitude.

Fragme-tation of the NERVA core by a self-induced nucleor excursion offers o
potential sofety countermeasure technique. Experimental and onalytical studies
erforined to date indicate that for a reactor period of 0.6 msec or less, there

exists a definite areshold in the energy required to fragment NERVA fuel
5

matericl, a:-' that this threshold lies somewhere in the range of 1.7 x 10l
to5 « 10]5 fissions per grom U-235. This threshold is reduced with increos-
ing fuel temperature. The current design of the NERVA and NRX recctors do
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not appear to have the inherent capability of undergoing such excursions as the
result of a reactor malfunction. Additional studies are needed to determine
the mechanical feasibility and engineering problems associated with the reac-

tivity insertion requirements,

Evaluation of the radiological safety problems originating from nuclear rocket
engine debris requires information on the interaction of the radioactive debris
with man and the manner and extent to which absorbed ionizing radiation is
distributed in man. Suitable analytical models have been developed for use
within the ROVER safety program which define the probabilities of exposure

of o receptor to the debris. Also, specialized radiological dose models have
been derived for calculating either gomma ray exposures or the beta and gamma

dose delivered from contact with a debris particle.

Safety analyses have been made for three hypothetical nuclear vehicie flight
missions. Tne relative effectiveness of sofety countermeasures to enhance the
safeness of the missicn is quantitatively expressed in terms of the maximum
possible and the expected (probable) number of persons in the general popu-
lation exposed to specified radiation dose levels. A direct comparison of popu-
lotion exposures received under passive re-entry conditions and for the destruct
ond ouxiliary thrust system countermeasures is not possible becouse different
dose exposure models and analysis conditions were used. Preliminary analyses
compering explosive destruct ond nucleoar (self) destruct countermeasures, indi-
cote that the whole body gommo dose exposures from nuclear destruct may be
fifty times greater thon those exposures resulting from explosive destruct. This
ancly:es is bosed on presently available data which may not represent the fincl
requirements for nucleor destruc! or moy not cdequately reproduce the condi-
tions thot exist with o flignt configuration system. Thus this comparison between
the two destruct countermeasures cannot be evaluated with a high degree of
confidence.

- A AShasm ama amms g §
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CHAPTER 2.0
INTRODUCTION

Nuclear safety plays a particularly important role in the utilization of space nuclear
propulsion systems. As a result, since its inception considerable attention has been paid to
safety within the ROVER program. The safety effort has been primarily directed toward two
major areas: (1) evaluation of the potential radiological safety problems arising from a flight
mission abort, and (2) the development of safety countermeasures which will serve to minimize
these problems. A number of governmental agencies and industrial organizations have partici-
pated in the ROVER safety effort. Because of the broad range of information generated within
tihe program, it was deemed desirable to issue periodical Source Term Reports to summarize the
work pertinent to the ROVER Flight Safety Program. The designation "Source Term" has been
used to describe these reports because of the importance of the radioactive source strength in
assessing radiobiological safety problems arising from in~flight failure of a nuclear propulsion
system,

The previous Source Term Report was issued September 1964(])* and reviewed the
accomplishments of the ROVER Flight Safety Program to that date. This present document
summarizes the work accomplished in the program since the last report, and in particular,
uses much of the information published in a series of volumes entitled "ROVER Flight Safety
Preliminary Review ".(2)

It is hoped that this document will serve as a guide or source book to ROVER Program
contractors and others to summarize the present status of flight safety source term information,
In addition it provides a compilation of references where more detailed source term information
is available. The information included in this report is limited to work items pertinent to the
definition and evaluation of radiological hazards resulting from the re-entry and earth impac-
tion of radioactive materials generated during flight operations of NERV A type nuclear rocket
engines. The information related to such items as ground handling safety, astronauts and crew
safety, disposal of spent rocket engines and mission capabilities is not included, unless speci-

fically related to earth re-entry hazards,

® References are given at the end of each chapter.
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CHAPTER 3.0
SOURCE TERM DUE TO FISSION PRODUCTS

The fission products that are generated and retained in the reactor fuel provide
the major source of radioactivity arising from the operation of a nuclear powered rocket.
In order to quantitatively evaluate the source strength of this fuel material, it is necessary
to conside' the means by which the fission products may be lost from the fuel both during and
after reactor operation. The fission product inventory of the fuel debris that impacts on the
Eorth's surface will depend upon many factors including: reactor operating time, iuel
element characteristics, high core temperatures attained in the event of off-design operation,
reactor malfunctions or accident occurrence, and the physical state and size of re~entering
fuel debris. This section defines various mechanisms and operationai modes that affect the
fission product source term, and summarizes the experimental and analytical work that has

been performed to quantitatively evaiuate this source term,

3.1 FACTORS IN EVALUATION OF THE FISSION PRODUCT INVENTORY

The analytical estimation of the fission product inventory remoining in the fuel at
any time depends on the accuracy of the mathematical model(s) used for the calculations in
representing the actual build=up and loss mechanisms. The build-up and radioactive decay
of fission products are caiculated using data on the tission yields and decay rates of the
various isotopes. Loss mechanisms include diffusion of fission products out of the fuel matrix,
corrosion of the graphite fuel by the high temperature hydrogen, and re-entry burnup. The
following paragraphs summarize the analytical techniques and t} » experimental data that have
been accumulated in the ROVER flight safety program to estimate quantitatively the fission
product activity of NERVA fuel following reactor operation. The application of this data to
predict the fission produc’ source term for NERVA reactors following normal or malfunctional

operations is given in Section 3.2,

_— o - -
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3.1.1 Generation of Fission Product Inventory

The equations for calculating the fission nroduct inventory in a reactor due to
fissioning of U235 are straight=-forward but zomplex. The production and decay of a
particular nuclide is considered to be a combination of the direct formation of the nuclide by
fission, and the formation by production and decay of its precursors in the same mass chain,
Because of the complexity of the calculations, the equations are usually programmed for
high speed digital computer solution.

A number of computer programs are reported in the literature for calculation of
fission product abundances and decay energies(] -8). Within the ROVER Flight Safety Program,
data on the U235 fission yields and decay chains issued by the U.S. Naval Radiological
Defense Laborafor)gq) have been used as the standard for calculating fission product abundances.
Reference 9 details ninety comprehensive fission chain diagrams, and presents data on fission
yields, halt lives, and branching ratios for 505 U235 fission product nuclides. Also, data are
tabuluted presenting the activity build-up in curies/megawatt for each of the 505 nuclides
for reactor operating times of 1 second to 60 minutes, and post-shutdown inventories for
reactor runs of 1, 5, 30, and 60 minutes at 42 post=-shutdown times frcm shutdown to ]09
seconds. A description of the computer prograr: used by NRDL to calculate fission product
abundances has recently been issueJlo).

Private industries working within the ROVER Flight Safety Progra: “ave developed
their own special purpose fission product abundance codes for use within larger computer
programs utilized for analysis of nuclear rocket safety, Westinghouse Electric Corporation

(1

originally developed its Fission Product Inventory Program (FPIP) " to accommodate up to
499 nuclides. Since decay energy spectra data were not available for many nuclides, the
program was later revised to include 273 nuclides, with the library data updated to be
consistent with that of Reference 9. This revised progiam has been incorporated into the
WANL Source Term Computer Program(] 22 A comparison of the results betwecr: the 499 and
273 nuclide programs was shown in Reference 13. The 273 nuclides have recently been

reduced to 254 nuclides in order to be consistent with the FIPDIF program (See Section

pr -
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3.1.2,1 below). The library was shortened by deleting very short half-life nuclides from

several decay chains without significantly affecting the results. Lockheed Missiles and
(14,15) . ¢

Space Company has developed their Fission Product Inventory Code (FPIC)

is used as a subroutine in their Nuclear Flight Executive Progrom(w). The FPIC program uses
a library of 123 nuclides and is similar to the WANL modified FPIP program in that it not
only calculates fission product abundances. but also the gamma and beta energy decay rates
plus the integrated number of disintegrations, integrated gamma MEV, and integrated beta
MEV over any desired time period. NUS Corporation uses its fission product abundance pro-
grczr;xé,) FLYASH, in conjunction with a program for Nuclear Rocket Sofety Evaluation (NURSE
)]

USNRDL standards.

. The values ¢f the library constants used in this program are in agreement with the

A comparison of the nuclide abundance computer programs of USNRDL, WANL, and
LMSC was made in March, 1965 to determine any disagreement in the results of the three
programs. The abundances of 55 radiobiologically significant fission products were calculated
for a 10-minute run time at 1000 MW, at decay times varying from 103 to 108 seconds. The
resultsa7)showed nearly perfect agreement between the WANL and NRDL results, THE LMSC
results showed some inconsistencies, with the LMSC results generally higher (by a factor of
two ir a few cases) than the NRDL results, However, the variations were not considered
sufficient to introduce significant errors in the interpretation of radiobiological effects, A
comparison between the WANL and LMSC rezults for the gamma energy rate (MEV/sec) and
the integrated gamma energy (MEV) showed relative differences of about 15 percent and 5
percent res, ectively.

As indicated above, the WANL and LMSC computer programs calculate the beta
and gamma decay energies of the fission product mixtures as well as the individual nuclide
abundances. The gamma energy release rate is divided into seven standard gamma energy

groups as follows:;

T p— — -
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Gamma Energy
Group_ Range (MEV)

1 0to 0.40
2 0.41 t0 0.90
3 0.91t0 1.35
4 1.36 to 1,80
5 1.81t0 2.20
6 2.21t02.60
7 > 2,60

The units of the gamma energy rate are MEV/sec, which is directly related to dose rate. The
utilization of gamma decay energy in calculation of gamma doses is discussed in Chapter 7. 0.
Similariy, the WANL modified FPIP program calculates the beta energy release rate
in five energy groups: 0 to .25, 0.26 to 0.75, 0.76 to 1.25, 1.26 to 1.75, and greater
than 1.75 MEV. These energy groups only approximate the true average or expected beta
energies of the fission product mixtures since the assumption is made in the program that the
average enercy of a beta emitter is one=third the maximum beta energy (beta spectrum end
point energy). A computer code has been recently developed by NRDL(‘s)v.'hich computes
the composite beta spectra and average energies of fission prod.:t mixtures by summing the
spectra of the individual nuclides weighted according to their abundances. Graphs of the

L(l 9

beta spectra for individual negatron emitters have been published by NRDL" ™, A report on

the spectra of positron emitters is in preparation by NRDL(ZO).

In conclusion, there are many computer programs available that accurately calcu-
late the fission product inventories and decay energies as a function of operating time and
decay time. However, since mechanisms other than radioactive decay can reduce the fiscion
product inventory of NERVA fuel, use of these program< alone cannot completely define the
fission product source term of any fuel debris that re-enters and impacts on the Earth, The

inventory losses by other mechanisms are discussed in the subsequent paragraphs.

N v v my vrYr

3-4



N s iaa M| I ot i - -

W e e - W) Astronuclear

Yt W v v v e . - ! - Labmaml’y

" WANL-TME-1506

3.1.2 Mechanisms that Reduce the Fission Product Inventory

Several mechanisms exist for NERVA reactors in which the fission product inventory
may be reduced from that generated due to the fissioning process and normal radioactive
decay. Loss mechanisms ¢~ occur both during reactor operation and in the time period
following reactor shutdown. The fission product losses incurred during reacior operation
depend mainly on the fuel characteristics and fuel temperatures reached. Loss following
reactor shutdown is largely dependent on core after heat temperatures, «: . .he size of the
fuel debris re-entering the Eorth's atmosphere. The following paragraphs describe the
.esults of studies to define the mechanisms that may reduce the fission product inventory of
NEKVA fuel. The quantitative reduction expected under different operational conditions is
described in Section 3,2,

3.1.2.1 Fission Product Diffusion

Experiments show that certain fission products will diffuse from NERVA fuel at
temperatures above 3200°R (ISOOOC) (silver as low as ]OOOOC), and the diffusion rate
increases sharpiy above 4632°R (2300°C). The fuel temperatures expected in the NERVA

reactor will exceed the 3200°R critical temperature in the exit half of the core and wili
reach temperatures of about 4460°R (22000(') at the exit end of the core. In the case of
reduced coolant flow or loss-of-coolant due to some malfunction or accident, considerabiy
higher fuel temperatures could be reached. Thus it becomes necessary to determine the extent
of diffusion in order to predict the core fission product inventory,

The diffusion of fission product nuclides through a solid matrix is a complex physico-
chemical process, whose absolute rate cannot be predicted from a theoretical basis. It is
necessary to experimentally measure the diffusion rates of the fission products. During the
past three years an extensive program has been in progress to experimentally measure the
diffusion rates of the fission products in NERVA fuel. The purpose of these studies is to
determine the release of fission products from NERVA fuel as a function of time, temperature,
geometry, and environment. The work has progressed in three major areas: (1) experiments

to determine the magnitude of fission product release for times and temperatures characteristic

mAFAFALITE A b
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of normal reactor operations, (2) experiments to determire the magnitude of fission product
release for times and temperatures that might be expected under accident conditions, and

(3) development of means for using the experimental data to predict fission procuct release
for future operations of NERVA reactors under both accident and normal operating conditions.
These studies have application for both the flight safety and the gro.ad tesiing progrems of
the NRX/XE and NR/NE r - ictors. For the latter case, the diffusion data have been used

to predict the radioactivity released in the efflueni gagzn. The results of the experimental
diffusion studies have been documented in a series of comprehensive reporfgzz-zn. The

major results and conclusions from the work performed to dcte are summarized below.

Fuel Samples Used for Diffusion Measurements.  Loboratory measurements of

fission product diffusion are made on two basic categories of NERVA fuel samples:

(1) samples cut from new fuel elements which are irradiated in an experimental reactor
facility, and then subjected to a controlled thermal heating cycle simulating NERVA operat~
ing conditions. Following the heating, the fuel is radiochemically analyzed to mec.ure loss
of specific nucliaes by diffusion; (2) samples cut from the radioactive fuel elements
removed from the NRX reactors following full-power testing. Radiochemical analysis of
these samples is performed to determine diffusion losses that occurred during reactor opera-
tion.

For those experiments involving samples of category 1, four different types of fuel
have been utilized. Each of these fuel types represents a different possible diffusion path for
the fission product nuclide to escape from the fuel. The four types of samples and their
designation are as follows:

1. Type Il Fuel. This is a sample cut from the as fabricated fuel with unlined

cooling channels, and consists of 100u-diameter UC2 beads having a 25y coating

of laminar pyrolytic graphite dispersed homogeneously in a graphite matrix.

2. Tvpe Il = NbC Fuel. This is a sample of the Type Il fuel which is completely

coated with a 2-mil thickness of the NbC coated via a vapor deposition process.
This coating represents the barrier through whic’. the fission products must diffuse if
escape is to be via the NbC coated coolant channels in full size NERVA fuel elements,

rA.I-I-._-. a -
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3. Type lll Fuel. This is a sample of Type il fuel which hos been intentionally
heated to 2500°C in vacuum for 30 minutes prior to irradiation. This thermal pre-
treaiment results in degradation of the pyrolytic coating surrounding the fuel bead
accompanisd by migration of the UC2 into the graphite matrix. in Type Il fuel,
the tendency for diffusion is ¢ shanced, since the pyrolytic carbon coating is no
longer present to act as a Jiffusion barrier. Similar thermal degrodation could
occur in a NERVA reacior in the event of a malfunction or accident condition
which caused a reduced or loss of cooling to the core th reby overheating the fuel.
Experiments have shown that degradation of the pyrocarben coating is a time and
temperature dependent phenomenon. irradiated fuel held at 2200°C for 15 minutes
shows evidence of degradation as measured by an increased reiease rate of gross
gomma ocfivity(zb). Improved fuel beads with triple laminar pyrographite coatings
show enhanced diffusion when held at 2350°C for as little as 5 minutes(zs), olthough
photomicrographs show that the fuel bead and coating are s.ill intact with no visible
evidence of UC2 migration info the graphite matrix. Fuel held at 2500°C for 30
minutes, Type Ili fuel, is completely degraded with complete loss of pyrocarbon as
evidenced by photomicrographs.

4, Type lll - NbC Fuel. This is a somple of the Type Il - NbC fue! which has

been irradiated, and ther subjected ‘o temperatures above 2200°C to produce

degradation of the pyrocoating.
A schematic illustration ot the four possible diffusion paths in NERVA fuel, corresponding to
these four fuel sample types is shown in Figure 3-1,

Additional fuel samples have been prepared recently to simulate the reactor com-

(26), and resemble the

ponents and geometry. These samples are defined as unit cells
geometry of a NERVA fuel cluster assembly to provide identical diffusion path lengths for
fission product release. This unit cell is a cluster of 4~inch long segments of NERVA fuel
held together with a modified tie rod assembly. The fuel element cluster is contained in a

hollow graphite cylinder three inches in diameter.
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Fue! samples for post-operational analysis of the NRX reactors were taken if
possible from fuel elements spaced in a radicl line from the core center to the periphery.
The radioactive elements were sectioned and 1/4-inch slices were taken at several axial
locations. The slices near the inlet end of the core were used as control samples since
temperatures were no grea‘er than 900°C, and hence suffered no loss of fission products by
diffusion. The weight and activity of each fuel element slice were measured, the fuel was
dissolved by a technique to insure no loss of fission products, and the solution was diluted to

standard volume for subsequent radiochemical analysis.

Experimental Procedure. The fuei samples were 1/4-inck diometer by 1/4-inch high

cylirders machined from NERVA fuel elements, or were merely 1/4-inch slices from a fuel
element. These samples were irradiated in the GETR, the TREAT reactor, or the reoctor at
the Westinghouse Reactor Evaluation Center, Waltz Mill, Pa. Following the irradiation,
the samples were heated in a vacuum of IO'-4 mm Hg ct temperatures ranging from 3190°R
(1500°C) to 5350°R (2700°C) for time intervals up to 30 minutes. A description of the
apparatus used for heating these samples is given in References 23 and 24,

The radiochemical analysis results of the heated samples are compared with that of
an unheated control sample to determine the extent of release by diffusion of a given fission
product nuclide. It is not necessary to analyze for all 254 fission product nuclides comprising
the rission product inventory since it is cssumed that the diffusion rates of all isotopes of the
same chemical element are equal and since 97 percent of the inventory can be rep ‘esented by 2
elements. The elements and their contribution to the total fission product activity are shown
in Table 3-1. In addition to the elements shown in the table, radiochemical cnalysis has

been performed on silver and cadmium which are rapid diffusers.

Results

1. Type Il and Type Il - NbC. The complete results of diffusion experiments cn

the uncoated samples are given in Reference 23; results on the NbC coated samples

are given in Reference 24,
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TABLE 3-1
FISSION PRODUCT ELEMENTS OF INTEREST TO THE DIFFUSION PROGRAM

Percent Contribution Percent Conlt'dvtion
0 Time After 10 Min 24 hr After 10 Min
Elecnent Reactor Operation Reactor Operation
2. Sr §.i4 6.04
3. W 8.12 .71
4. Kr 7.70 1.60
5. Zr 7.19 6.7
é. Y 6.19 17.21
7. Sb 6.18 0.76
8. G 6.02 0.02
5. Xe 5.89 13.32
10. i 4.74 15.47
t. Br 437 0.30
12. Ba 4.29 0.88
13. Te 3.67 3.34
4. Ce 3.59 5.69
13- Lo 3.41 3.19
16. Te 2.85 2.60
7. N. 261 3.19
'8. n 1.25 0.01
19. Pe 0.4¢ 3.75
20. Ru 0.10 0.75
1967 7°98.9
— .
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The NbC coating hod on inhibiting effect on the release of most fission products.
A comperison between the release of vorious fission products from uncooted oand NbC cooted
Type 1] fuel is given in Figure 3-2. The reduction in release vories from 17 percent for
Sr” to 57 percent for Y9‘ for somples hewted ot 2200°C for five minutes. An overol!
reduction of 46 percent was found for the gross release of the fission product inventory.

2. Type !ll ond Type ill ~ NbC Fuei. Complete data on the release of fission

products from Type |1l fuel are giveninReference 24. For most nyclides there was

c greater release from Type i1l fuel thon Type Il. However, no relecse of M09I9
9

or I 3 wos found under the most severe test conditions, 2300°C for 30 minutes.

‘”, Sr”, ond lo“o were completely releosed during the some

Conversely, Ag
test conditions.
The difference in the release froctions for the two fuel types is shown in Figure 3-3,

The most significont differences in release between the rwo fuel type; were for Sn‘zs, Te‘zq,

ond |l3l. in Type |l fuel, no release of these nuclides occurrec ot IBOOOC, whereas,
opprecicble relcase occurs for oll three nuclides in Type 111 fuel ot this temperature. It hos
been determined that diffusion from Type i1l fuel con be represented by ossigning the elements
to one of eleven diffusion groups.

Complete data on the release fractions of fission products from Type 11l - NbC ore
given in Reference 26. For most nuclides there was an inhibiting effect on the release from
these cooted samples as compared with uncoated somples heated under similar conditions.

A comparison between the release from coated ond uncoated Type il fuel is shown in

Figure 3-4. The reduction in releose varied from 4.5 percent for Sr89 to 60. 2 percent for
Louo, for somples heated ot 2400°C for 5 minutes. Teu’9 was an exception to the general
trend; for this nuclide greater relecse was obtained with coated rather than uncoated samples.
This may be due to exchange problems in radiochemical analyses. There is no reason for

NbBC to enhonce tellurium release.
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Figure 3-2. Comparison of Fission Product Release from Type Il
Fuel and NbC Coated Type Il Fuei 2200°C for Five Minutes
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3. Unit Cell Experiments. Compiete data on the release of individual isotopes dur-

ing these experiments are given in Reference 26. The average Sr89 fractional release
was 0,92 and 0.96 for 30 minutes at 2300°C and at 2450°C, respectively. The cor-
responding Bo“o releases were 0.67 ond 0.65. Other isotopes showed less release.
The gross gamma inventory release was 0.29 and 0.26, respectively. in general it
appears that release from the 1/4- and 1/2-hexagonal fuel elements (used in the unit
cell 1o fill out the circular geometry) was greater than from the regular hexagonal
elements. There are some indications that reiease rate of Sr89 from the unit cell is
similar to the release rate from Type 11l - NbC fuel. It has been concluded( )
further unit cell experiments are necessary to obtain adequate dato to describe re-

lease of fission products from the NERVA reactor under loss-of-coolant conditions.

Analysis of Diffusion Data.  In order to obtain rate constants which describe the

fractional release as a function of time, the releose date for each isotope w=-e empirically

fitted to an exponential function:

f = e-D'
where
f = fraction of the nuclide concentration retained
D = diffusion rate constant in seconds
t = time in seconds.
The release data for CeM] 144 Y9], LaMO Te]29, and | 13 are well represented

by the above equation. Figure 3-42 shows a typical plot of fraction retained versus time for
Y91 in Type Il fuel. However, the data for Cs]37, n125, Sr89, BaMO, and Xe 133 indicate
that diffusion appears to be a two-step process, with an initial fast release followed by a slow
release which increased slightly with time. The nuclide retention as a function of time can

be represented as:

f = Ge.-D'It + (1- G)e-DZt

T I mr v e e - —
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where

f = the total fraction of the nuclide concentration retained

t = time

G = the fraction of the nuclide concentration which diffuses at a fast rate

characterized by the rate constant D]
1 -G = the fraction of the nuclide concentration which diffuses at a slow rate

characterized by tt e rate constant DZ'

A similar mode for nuclide release has been reported by Zumwolr(zq). For Ba and Sr, the

fast diffusing fraction was 14,8 percent, For xenon, 10.6 percent diffuses at an initial fast
rate while the remaining 89. 4 percent diffuses at a slower rate. A typical plot showing the
two step release for BOMO is shown in Figure 3-6(24). The rate constants, D, for all

rwuclides adhere to the Arrhenius Equation:

where

an experimental constant with dimensions of reciprocal time

D
o
E = the activation energy in calories per mole
R = the gas constant, calories/mol- -deg

T

= the temperature in degrees Kelvin

-

2
A typical plot of relationship for Snlza in NbC coated Type |l fuel is shown in Figure 3-7(“5).
A tabulation of the values for Do and E/% for Type I, Type Il - NbC and Type IlI fuels is

given in Reference 25; the values for Type |l = NbC are tabulated in Reference 26.

Analytical Prediction of Diffusion. An analytical model has been developed

utilizing the experimentally determined diffusion rate equations to predict the extent of
fission product diffusion occurring unaer a variety of operational and post-operation condi-
. . 30 . . . -
tions, This program, F|PDIF( ), calculates the fission product inventory which remains in

the core and that which is released to the surroundings for any given power and temperature

profile. e INCAITIA]
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In its present form it can be used to simulate a reactor startup-run-shutdown
protile consisting of as n:any as 40 time intervals. These time intervals may be of any aesired
length. During each time interval, a power level and temperature are specified for each of
as many as ten axial core sections. The core sections are disc shaped with a radius of 45.2 cm.
They may be of any desired thickness. At the conclusion of any or all of the specified time
intervals, the following data may be printed out:
1. Remaining fission product inventory in each core section and/or total core
inventory of each isotope.
2. Curies of each isotope which have diffused from each section and/or total
curies of each isotope which have diffused from the core.
FIPDIF is an integral code which solves the rwo basic differential equations:

i-1

__dN' = PC;Y; -A; N. - D-N; - E B.—=  A.N
| 1 ' H l i
dt .
=1

where

N, = number of atoms of isotope (i) in the given core section

r power level in the core section (fissions ‘second)

Y; = fission yield of isotope (%)
)‘i = decay constant of isotope () which is a precursor of isotope (i)
Bi—--i = branching ratio for the production of isotope (i) from a precursor (j)
D; = diffusion constant {characteristic of the isotope and the temperature

of ine core section)
G. = a factor which s used to account for the faster diffusion of the

fraction of some nuclides which are deposited externally to the fuel
beads by recoil

3-20
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and
dL.
._.__I = Di N.
!

dt
where
L. = number of atoms of isotope (i) which have diffused from the core

section.

Values used for the diffusion coefficients of the various isotopes were those obtained
experimentally as described in the preceding paragraph. Provisions have been made in the
program to incorporate the diffusion coefficients for both the Type il (normal) and Type il
(degraded) fuel, thereby permitting calcuiation of fission product diffusion at elevated
temperatures. A comparison cf the predicted fission product release from the NRX reactor
tests, as calculated by the FIPDIF program, with the measured release as determined by radio-
chemical analysis is discussed in Section 3.2.1.

The FIPDIF program has no provisions for the calculation of temperature variation
due to heat transfer from core section to core section or to the reactor components and the
atmosphere, A computer program, NOFLOW(:“), is capable of generating temperature pro-
files in various componants of the NERVA reactor, but does not hava the ability to reflect
losses of the fission product inventory by diffusion, and thereby does not accurately calculate
the decay heat source. Therefore, in order to reflect the loss of fission product decay heot
in the core teriperature calculations, and the effect of chenging core temperaturc on diffu-
tvion, FIPDIF c-.d NOFLOW have been combined into o linked progrom(32). This linked
progrem is particularly applicable whers high core temperatures are produced as for an
accident in which loss~of-coolant occurs. Further details on the coupled NOFLOW-FIPDIF
program and the expected diffusion losses occurring under icss-of-coolant conditions are

discussed in Section 3.2.2.

DT -

e - .,.rnn:kITIA!‘
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3.1.2.2 Fuyel Element Corrosion

In the NERVA reoctor, under full power operating conditions, the fuel elements are
exposed to a temperature range of about 30°C at the inlet end to as high as 2200°C at the
exit (nozzle) end of the reactor. Over a substantial portion of this temperature range, the
graphitic fuel elements would be rapidly consumed by the chemical reaction of carbon with
hydrogen to produce methane and acetylene. In order to minimize the extent to which these
reactions occur (called hydrogen corrosion) a NbC coating is applied to those surfaces of the
fuel elements which are exposed to hydrogen flow. The present design calls for the coolant
channels and the external surfaces at the exit end of the element to be coated. The NbC
coating is applied in o batch process by vapor deposition at 1900°C. The ccating thickness
varies from approximately 0.4 mils thick at the cold (iniet end of the coolant channels) to
approx: nately 3.0 mils thick at the hot end of the channeis.

Fuel elements from ecch coating batch »re hydrogen corresion tested under tempera-
ture conditions more severe than expected for fuli power NERVA operation in order to verify
that the coating operation has produced a coating which is capable of affording adequate
protection to the fuel element. This corrosion testing also serves two other important pur=
poses: (1) to characterize and understand the general hydregen corrosion test behcvior of
fuel elements in order to predict behavior in reactor operation, and (2) to identify those
coating characteristics which result in cbserved behavior and those characteristics which
lead to imprcved behavior,

The results of corrosion testing of fuel element< made for the NRX reactors have
been documented in References 33, 34, cnd 35 and corrosion tests on the LASL Phoebus 1
elements are documented in Reference 35. The observations and measurements of fuel element
corrosion following the NRX reactor ground tests are documented in References 36, 37, ond

38.

To determine the reduction in fission product inventory of the fuel due to corrosion,
information on the loss of fuel from the matrix must be known. In the laboratory corrosion
tests and in the post-operational examin~tion of the fuel elements, direct measurements of

the UC» lost from the fuel by coirosion have not been made. However, there is evidence

« UNFIVEN11A : =
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that UC, and fuel beads have been lost from the core during reactor operation. Radioactive
particulate samples were recovered from the ground following the NRX/EST test at distances
of 100G feet *~ 4.7 miles from the reactor. Metcllographic, radioactivity assay, ond electron
probe analyses v.cre mode on this particulate material @1). The results of analysis of this
material indicated that all but one of the particles contairea uranium, and the ridioactivity
was due to fission product activity not activation product activity. The porticles appeared
to be from fuel element fragments, with the uranium in the form of both oxide and carbide
in the porticles. In some, the presence of small pieces of NbC indicated flaking of the fuel
element bore coat. The larger particles exhibited irregular configurations, and the smaller
porticles were spherical. The size of some of the particles indicates that rather large
( > 500y) pieces of fuel matrix or non-fueled graphite were torn away.

Additional evidence of loss of fission product activity by “corrosion mechanism™
during cperation of the NRX/EST and NRX-A5 tests has been obtained by analysis of partic-
ulate matter collected on filters mounted on aircraft which flew through the reactor efflvent
cloud(zl’ 41). Analysis of these aircroft filter samples shows the presence of Mo99. Loboratory
experiments indicate that neither Mo”nor its precursors Zr99 and wa are reieased from
NERVA fuel by diffusion ot temperatures up o 2600°C. Thus the presence of Mo99 in the
effluent cloud is an indicator of uranium fuei beac loss by corrosion because Mo99 would be
present only in uranium fuel beads. Extensive radiochemical analyses have been made on
these effluent cloud samples to determine the contributions by diffusion and corrosion to the
total fission produ=t release. The results of these analyses are summarized in Reference 2!,
and reveal that during experimental plans EP4V and EP-IVA of the NRX /EST test, the corro~
sion mechanism acccunted for 44.8 and 59.8 percent, respectively, of the total gross gamma
radioactivity released. Further data on the measured ioss of fission products by both diffusion

and corrosion mechanisms are given in Section 3.2.1.

3.1.23. Re-Entry Burnup of Fuel Material

Another means of reducing the fission product inventory of re-entering core fragments
irvolves the burnup of this debris during the re-entry process. Assuming uniform distribution
of the UC2 in the graphite matrix, as the mass of a re-entering particle decreases, the fission
product inventory associated with this mass loss will be diminished in direct proportion.

- A ASnmAS_Sne amma A
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A complete summary of the analytical and experimental work performed up to 1964
to evaluvate NERVA fuel re-entry burnup was published in the previous NERVA Source Term

(‘3). No significant additional work within the Rover Program has been published since
that time. The major results of the work re;orted in Reference 13 are abstracted below for the
sake of completeness of this document.

Analytical Evaluaticn of Burnup.  Aralytical models, developed by both General
Elecfric(42) ard Weﬂinghwse(43)
re-entry burnup. The models are based on theoretical considerations of the rate of graphite

Report

, have been programmed for digital computer solution of

oxidation under the flow regions encountered during atmospheric re-ert-y. Results of the two
programs vory somewhat, with the Westinghouse model yielding a grea:  percentage of bumup
than the G. E. Model. A comparison of the probable reasons for the divergence of results be-
tween the two programs is giver in Reference 13. The basic difference in the analyses lies in
the assumption of which of the several graphite oxidation steps is rate controlling.

The cmount of buraup thet cccurs depends on particie size, re-entry angle at the top
of the armosphere, ond porticie .elocity. For cases of interest in ROVER Flight Safety, the re-
entry angle will be smcli { <10 degrees), and the effect of varying re-entry angle can be neg-
lected. Also, the particle velocity will differ little from the orbita! velocity at re-entry alti-
tude. If these parameters are neglecied, re-entry burnup of small NERVA fuel graphite part-
icles can be represented by a single curve, as shown in Figure 3-8. These data are based on
the Westinghouse burnup model, and are derived from the WEREC computer program(43). The
data of Figure 3-3 are used by LMSC in their Nuclear Flight Executive Program for NERVA

destruct analysis (44).

The WANL 3ource Term Computer Program utilizes the WEREC program
as a subroutine, and therefore calculates the extent of fuel burnup for the actual re-entry
trajectory.

Experimental Evcluation of Burnup. A series of experiments were perfermed by
(43, 45)

WANL to determine oxidation rates of graphite under simulated re-entry conditions
The tests were conducted in a plasma-jet facility, and were confined to examining oxidation
under continuum and transition flow conditions. The experimentally determined oxidation

rates showed good agreement with rthe theoretically cclculated rates.

- TN LIvY v, -
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The oddition of metallic additives to the graphite did little to enhance re-entry
burnup(“). Irradiated samples of NERVA fuel were also tested under simulated re-entry con-
ditions(u) and this work indicated that irradiation r‘ves not affect the rote of oxidation of
re-entering graphite. It can be concluded from bc.th the analytical and experimental studies,
that the reduction in the source term of re-entering fuel debris will be a maximum of about
50 percent, and appreciably less than this for partic.es greater than 1/16-inch diameter.

A potentially greater loss of fission products fism NERVA fuel by re-entry burnup

and ablation following a nuclear (self) destruct action has been postulated by LASL(48).
Examination of fuel samples and graphite fragments of unfueled support elements and reflector
fragments following the KIWI-TNT experiment has shown evidence of condensation of fission
products on the surfaces of these fragments, rather than pressure penetration of the fission pro-
ducts during the excursion. Thus, if the fission products primarily reside on the fragment sur-
faces, even a 10 percent ablation weight loss may be very effective in reduction of the fission

product inventory of the debris impacting on the earth.

3.2 FISSION PRODUCT INVENTORY FOR DIFFERENT MODES OF “~“ACTOR OPERATION

It was shown in Section 3.1 that the fission product inveniory generated during
NERVA reactor operation could be diminished by several mechanisms depending on the opera-
tional and post-operational history of the reactor. This section defines the expected losses in
the fission product inventory under normal and abnormal reactor operating conditions. With
the prediction of such losses, it then becomes possible to define the source term of the fuel
debris that impacts on the earth.
3.2.1 Normal Operations

"Normal" reactor operation refers to that operational mode in which the reactor is
operated at or very near its design conditions of power, temperature, coolant flow, etc; that
is, operation in which no deliberate or known off-desigr conditions, abnormality, or mal-
function exist. Experimental measurements of the fission product losses that occurred with
each test of the NRX series of reactors were conducted from the start of hot testing. Although
some operational abnormalities were experienced during this test series, the operations, in
general, are indicative of normal reactor operations and provide an excellent basis for the

determination of expected fission product losses under normal reactor operating conditions.
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As the technology of the NERVA reactor advances and as improved fuel performance is ob-
tained, the fission product loss by corrosion and diffusion mechanisms under normal operations
is expected to be less than that experienced to date in the NRX test series. The measured and
predicted (by the FIPDIF code) losses of fission products for each of the NRX tests are summar-
ized in the following paragraphs.

3.21.1  NRX-A2 and NRX-A3 Tests

The results of radiochemical analyses to measure the loss of fission products from the
4(25,26)

NRX-A2(24) and NRX-A tests are summarized in Table 3-2. The predicted values of
release as calculated by the FIPDIF program at the time of the test are also shown in this table.
FIPDIF calculations using diffusion constants for both uncoated and NbC coated Type |l fuel
were made for the NRX-A3 test. As can be seen, the calculated data using the Type 1l - NbC
constants more closely agrees with the experimental data, leading to the conclusion that the
primary path for diffusion is through the NbC lining into the cooling channels. Type Il - NbC
constants had not been determined at the time of the NRX-A2 test, and the prediction for the
NRX-A2 test using these constants has not been made.

The data of Table 3-2 were determined by post-mortem radiochemical analyses on
fuel samples only - aircraft effluent samples were not available. There is some uncertainty
in these measurements, since the amount of activity released is based on small differences ir
large numbers. Both reactors were run at essentially identical steady state conditions of power
and temperature, and similar fission product releases would be expected. On this basis, the
12 percent difference in the measurement of the gross gamma activity released (1.02 and
0.9 percent for the A2 and A3, respectively) represents fair precision. Since effluent samples
were not available, it is not pessible to define the fraction of the total release due to corro-
sion. The predicted results assume all loss was by diffusion.

3.2.1.2 NRX/EST (NRX-A4) Test

The NRX/EST reactor was operated in February - March 1966 according to five ex-

perimental plans (EP) at various power levels. Oniy the last two runs, EP-IV and EP-IV A
were conducted at full power for a significant tim: (approximately 15-1/2 and 13-1,/2 min-

utes, respectively). The number of fissions produced in the fuel during EP-IV and EP-IV A

~< s TTmAa
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was approximately 54 percent (27 percent each) of the total fissions produced during the en-

tire pcwer operation of the reactor.
The results of the measured and predicted fission product releases for EP-IV and EP-

(21)

IV-A are summarized in Tables 3-3 and 3-4 respectively ™ '. These data are based on radio-
chemical analyses of particulate material collected on filters from the effluent cloud during
each EP, The release due to corrcsion is based on the results of Mo99 analyses as described

in Section 3.1.2.2 and is shown in the tables. The amount of fission products lost by diffusion
is the difference between the total release and the corrosion release. The predicted release by

diffusion mechanism as calculated by the FIPDIF program is also shown in these tables.

Tables 3-3 and 3-4 show that the corrosion mechanism can account for a significant
portion of the total radioactivity release. The percent of total radioactivity released due to
corrosion during each of the experimental plans is tabulated in Table 3-5; for many nuclides,
corrosion release accounted for over 50 percent of the total activity released.

The data of Tables 3-3 and 3-4 show that the measured fission products released by
diffusion are greater than the predicted diffusion using the Type lI- NbC diffusion constants,
which indicates that me fuel elements lost some of the bore coating. However, for the EP-IVA
the actual release by diffusion was greater than the maximum predicted, even with uncoated
fuel diffusion constants. A possible explanation may be due to the higher temperature reached
in the perigheral elements caused by the large control drum angle reached near the end of the
test.

3.2.1.3 NRX-A5 Test

Post-mortem radiochemical analyses on the NRX-A5 fuel elements has not been com-
pleted, and therefore, final data on measured release of activity is not available. However,
preliminary data on the release during EP-111 and EP-IV, as determined from effluent samples,

(49) and are summarized in Table 3-6. These data show that the corrosion

has been reported
mechanism accounted for only a small fraction of the total release in EP-I1I, but that in EP-
IV, the release of fission products by corrosion was approximately equal to that released by
diffusion. These data are preliminary in that they are based on the assumption that 50 percent
of lission cadmium is released to the erfluent cloud. The actual cadmium release wil! be de-
termined by post-mortem analysis, and it is necessary to define the fraction of the effluent
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MEASURED FISSION PRODUCT RELEASE FRC:vA NRX-AS

EP-11t CLOUL SAMPLE

EP-IvV CLOUD SAMPLE

NUCLIDE | % OF TOTAL INVENTORY RELEASED % OF TOTAL INVENTORY RELEASED
TOTAL] CORROSION | DIFFUSION || TOTAL | CORRCSION | DIFFUSION

B | o.1a | 0.003 0.115 3.79 Lo 2.15
5! 0278 | 0.0 0.275 4.17 1.64 2.53
5,5 0.946 | 0.003 0.943 6.37 1.64 4.73
-7 co06 | 0.003 0.003 6.44 1.64 4.80
AL 0.051 0.003 0.048 7.22 1.64 5.58
ca'P 500 ASSUMED 50.0 ASSUMED
Mo® | 0003 | o0.003 0.000 1.64 1,64 0.00
Al 275 0.003 27.5 30.4 1.64 28.8
sb'27 | 184 0.003 1.84 6.67 1.64 5.03
13! 0.907 | 0.003 0.904 1.70 1.24 0.46
(133 0398 | 0.003 0.295 0.82* 1.24 -
T2 | 0627 | 0.003 0.624 1.89 1.64 0.25
GROSS
GAMMA | 0276 | 0.003 0.273 3.50 1.64 1.86
* Less !‘33 wus found than corrosion indicated.

‘All of above data is preliminary and is based on ar assumed 50% Cd release.)
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cloud sampled(ﬂ). Cadmium release in the NRX/EST test was about 60 percent. Thus, if this
same release occurred in the NRX-AS5 test, the values of Table 36 would increase by a factor
of 6/5.

Comparison of the NRX-A5 results with those of the NRX/EST shows that the total
gross gamma released by NRX-A5 was approximately 50 percent of that released by NRX/EST.
Predicted gross gamma release by diffusion using Type 1l - NbC diffusion contstants for NRX~
EP-111 agread with the measured release by diffusion. The predicted gross gamma release by
both corrosion and di“fusion for NRX-A5 EP-IV was only 25 percent higher than the total

measured release.

3.21.4 Conclusions

Experimental measurements of the fission product relecs: from the NRX-A2 through
NRX-A5 reactors have shown rhat the gross gamma radioactivity release expected under nor-
mal operating conditions is in the range of 1 to 7 percent of the fission product inventory gen-
erated during operating times at full power to about 17 minutes. For the larger release rates,
corrosion of the fuel elements contributes about one-half tc the total release. This extent of
corresion is consideied unacceptable for future NERV A reactors. With the development of an
improved fuel, it is expected that corrosion losses (and diffusion losses) will be reduced. In
order to obtain the desired core life of up to 60 minutes at full power, it is reasonable to as-
sum. that the maximum release by corrosion will nc exceed 4 to 5 percent of the total fission
product inventory generated. For presently envisioned missions utilizing a NERVA engine,
single operating periods of the engine will probably not exceed 30 minutes. For operating
times equal to or less than this, it is conservatively estimated that total losses of fission pro-
ducts b; both diffusion and corrosion will probably not exceed 5 percent of the total inventory
generated. Thus the inventory will be at least 95 percent of the theoretical inventory if no
diffusion or corrosion losses occur. Estimates of biological dose and dose rate caiculations
based on a source activity known within 5 percent accuracy are considered acceptable. Thus,
it can be concluded that for evaluation of the source term upon re-entry of the -eactor or core

fragments following normal reactor operations, the loss of fission products from the core during

the reactor operating period can be ..eglected.
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3.2.2 Malfunction or Accident Conditions

Reactor malfunctions or accidents may lead to conditions which will produce abnor-

mally high core temperatures, thereby enhancing loss of fission products by diffusion. Acci-
dent und malfunction situations which have been investigated in the NERVA program are dis-
cussed n Chapter 5.0.The accidents which will result in the greatest loss of fission products
are loss-of-coolant ancd nuclear excursions. The predicted inventory losses that would occur
under these two accide nt conditions are discussed below. Detailed discussion on the responie
of the NERVA system to loss-of-coolant czcidents and nuclear excursions are presented in

Sections 6.2 and 6.5, respectivel .

3.2.21 loss-of-Coolant

In the event of a loss-of-coolant accident, the nuclear core will attain high temper-
atures, and diffusion of fission products resuits. The present discussion is limited to consid-
eration of in-flight accidents. Hence, the dispersion of these gaseous fission products outside
the Earth's sensible atmosphere, does not pose any particular biclogical or ecological safety
oroblem. In fact, the loss of fission products at high cltitudes will enhance NERVA flight
rafety as a result of the fact that the fission prodict inventory of the remaining core material
which may eventually re-enter the Earth's biosphera will be reduced accordingly. This sec~
tion describes the computer program used to predict fission product loss under loss-of-coolant

conditions and presents typical anclytical predictions.

NOFLOW-FIPDIF Analytical Model for NRX.  The digital computer program NO-
FLOW-FIPDIF(32) was produced by linking modified versions of two other programs - NO-
FLOW(:”) and FIPDlF(3O). The first program, NOFLOW, describes the post-operational

thermal response of an NRX reactor sul<equent to a loss-of-coolant accident. This program
takes into account two basic energy sourcas - heat deposition due to fission power and heat
deposition due to fission product decay. The analytical model divides the nuclear reactor
into a number of components and component sections. (This model is described in Section
6.2.1.1.) Temperatures of these component sections are evaluated as a function of time after
loss-of-coolant by performing a thermal balance involving the aforementioned energy sources

and the thermal losses and gains arising from conduction and radiation.

— G\ INNIwLisiiMme ", -
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The FIPDIF computer progr.m is concemed with the loss of fission products from the
NERVA core via a diffusion mechanism. Si:ice the phy:ical and mathematical models invol-
ved in the diffusion process were dezcribed in Section 3.1.2.1, they will nct be repeated here.
However, it should be re-emphasized that the rate and, hence, the extent of fission produci
diffusion is strongly temperature-dependent; the rate increases exponentially with fuel tem-
perature.

Obviously, these two computer programs must be coupled in order to predict core

temperatures and the magnitude of fission product losses subsequent to loss-of-coolant. While

the core temperatures predicted by NOFLOW depend to a large extent upon the decay of
fission product in the fuel, the loss of fission products from the core predicted by FIPDIF and,
hence, the quantity remaining, depend on the temperature of the core. Thus, by linking
both programs, meaningful estimates of fiscion product losses and of core temperatures may be

(32)

made. The coupled program is described in detail elsewhere'™"’; a brief description of the

program follows.

Since both NOFLOW and FIPDIF each required more than two-thirds of the avail-
able computer storage space, it wes necessary to separate their computational functions into
two links of a chain program and to use a third link to accept input data and to perform init-
ializing operations. The program operates as follows:

1. Input is read into Link . Here values for required constants are set and initial

values of variables are determined for both Link !l and Il

2. Control is then transferred to Link Il (the FIPDIF program) which evaluates the

fission product inventory during normal operation. By taking into account the core

-perating temperature profiles and appropriate diffusion constants it evaluates both

the inventory released and that retained under operational conditions. Finally, dur-

ing this step of the operation, Link 11l evaluates the rate at which the fission pro-
duct decay is decreasing when loss-of-coolant occurs.

3. Control is then transferred to Link [l (NOFLOW) which calculates temperatures

of reactor components for a series of time steps. The fission product decay energy

used ir: these calculations is approximated by using the decay power at shutdown and

FRSansmasm ma s g 5 /
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the valve of the rate of decrease of decay power as calculated in Link [l Temper-
ature change calculations are continued until any given core section changes temper-
ature by 400°R. Time weighted core section temperatures and power levels are
evaluated for the length of time that control was maintained in Link I (AT2).

4. Control is once again transferred to Link Il where the change in fission product
inventory during the time step, AT2 is calculated. Evaluation of the fraction of
inventory retained in the core and that released to the environment are included in
these calculations. Finally, a decay power is calculated based on the total inven-
tory remaining in the core.

5. Link 1l is then used to calculate the core temperature changes for one step (DELT).
6. This information is transferred to Link [l which evaluates the decay powers in
the core at the middle of the time step (DELT) using the value of the temperature
change calculated in step 5 above. The value of rate of decrease of decay . >wer
is then evaluated using the decay power evaluated at the end of step 4 and that
calculated at the midpoint of DELT.

The program continues to evaluate reactor temperatures and fission product inventories
by repeating steps 3 through 6 until the accident simulation is comoleted. Then control is
transferred to Link | which causes power and temperature histories to be written on the output
tape.

Diffusion Results for NRX.  The magnitude of the fission product diffusion exper-

ienced under loss-of-coolant conditions will depend largely upon the temperatures experien-
ced under these conditions and on the length of time the core remains integral subsequent to
the occurrence of the accident. Once disassembly occurs, fuel material cools rapidly as a
result of thermal radiation to the environment and diffusion ceases.

Figure 3-9 shows typical core temperatures predicted for the core midplane of an
NRX reactor as a function of time after loss-of-coolant for a number of operational periods
ranging from 63 to 1450 seconds. The shutdown reactivity was 2 percent, corresponding to
that anticipated for a complete loss of hydrogen flow with no moveme it of the control drums.
As may be seen, an initially rapid increase in core temperatures occurs in all cases followed
by a rapid drop in temperature when sublimation of the graphitic fuel material commences.

T -
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In addition it may be observed that the magnitude of the core temperatyre increases with in-
creasing operating time. These high temperatures serve as a driving ferce to diffuse fission
produc’s from the core.

The length of time during which the core remains integral subsequent to loss~of-cool-
ant depends on the integrity of the two systems supporting the reactor core, i.e. the axial sup-
port systems and the lateral support system. In the NRX reactor, the former consists of tie rods
running axially through the reactor core and supported above the core dome end by an alumi-
num core support plate. The rods are made of Inconel-X and have a stainless steel sleeve.
NOFLOW-FIPDIF analyses indicate that these will melt for a!l operating periods within 20
to 30 seconds after a loss-of-coolant accident, leaving the core with no axial support. All
remaining core supporf must be imposed by the lateral support system. in the NRX reactor the
lateral support system consists, in part, of stainless steel leaf springs supported by an aluminum
bracket which is attached to the graphite inner reflector by two aluminum retainer screws.
Since aluminum has the lowest yield temperature (1 260°R), when the spring assembly reaches
this temperature, it isexpected thai lateral support to the core will be lost. For the NRX re-
actor, NOFLOW-FIPDIF indicates that the entire lateral support system will be lost within
155 to 160 seconds ofter lossof-coolant occurs, independent of operating time. Once this
happens, the entire core is left without restraining forces and disassembly is expected to occur
upon the application of any appreciable force at the core. Even minor centrifugal forces, such as
those experienced by a vehicle tumbling in orbit, should be sufficient to eject fuel elements
from the reactor. (For a more detailed discussion of the disassembly mode of a spent reactor,
see Reference 50 or Chapter 6.0 of this report.)

In order to report the inventory remaining and that diffused from the fuel, it is nec~
essary to select a particular reference time. This might be, for example, the time at which
the element is ejected from the core, i.e. when diffusion ceases. Perhaps, a more meaningful
reference time from a flight safety point of view would be that time at which the elements
impact the Earth's surface subsequent to in-flight failure. To present data in this context it
is necessary to hypothesize a mission and to select failure times along the mission profile. For

each failure time, a disassembly time would be evaluated, * and the re-entry time of resultant

* As noted earlier in this section, the NRX disassembly time would occur about 160 seconds
after loss~of-coolant accident ~ a value which is independent of operating time. g

TCWUINT IV LI v e, e -
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debris would be assessed.  This re-entry time would determine the extent of fission pro-
duct decay subsequent to the time at which diffusion ceases (i.e. at disassembly).

For the purpose of this report, fission product diffusion will be viewed in temms of
the latter context - i.e. in terms of the inventory present at time of ground impact. For dis-
cussion purposes, the reference mission selected will involve start-up of an NRX powered
nuclear stoge in a 100 mm-orbit. In this mission the reactor operates 1450 seconds until in-
jection energy for a 70-hour lunar transfer is achieved. The flight details on this particular
mission (designated as Mission Model 1) are summarized in Sect’on 8.2. If a loss-of-coolant
accident occurs during reactor operation, the reactor will eventually disassemble and the
ejected fuel elemerts will remain in orbit, until the energy of the orbiting body is overcome
by atmospheric drag forces. When this occurs the element will re-enter the Earth's atmosphere
and will constitute a potential radiological safety problem. The later in the mission that the
failure occurs, the longer the ejected element will remain in orbit. Figure 3-10 shows the
orbital lifetime of an ejected fuel element as a function of engine operating time, The time
abscissa in this figure is shown in terms of time after lounch; however, if it is kept in mind
that for the mission under discussion,the nuclear reactor starts up at 588 seconds after launch,
then Figure 3-10 can be readily interpreted in terms of engine operating time. It is apparent
from an examination of this figure that the orbital lifetime of a fuel element increases rapicly
with engine operating time. The orbit lifetime of the reactor shell without the fuel elements
is also shown in Figure 3-10.

Table 3-7 shows the inventory at ground impact for a single fuel element for four
selected times after start-up when loss-of-coolant occurs, i.e., 63,263, 463, and 613 seconds
after engine start-up. This table shows the inventories in terms of curies/element for ten se-
lected isotopes and the total inventory per element. Inventories are given for the situation in
which no diffusion occurs and also for the case in which diffusion does take place for the 160
second time period after loss-of-coolant, during which the core is restrained by some load-
bearing component, i.e. the lateral support system. As may be seen, diffusion will reduce the
total fuel inventory about 30 percent. If additional time were allotted for diffusion, i.e. if

the lateral support system did not fail so early during the post-accident history, it is expected

that additional reduction in inventory would occur. g
SN . o mm esma 5 )
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Diffusion for NERVA.  The previous discussion was limited to a consideration of

the 1100 MW NRX reactor. In-flight application of a nuclear vehicle may be accomplished
by using the 5000 MW NERVA reactor. To date, no estimates of post-operational diffusion
have been made for this reactor. However, some post-operational heating histories have been
obtained and are reported in Section 6.2. While it is not yet possible to predict the magni-
tude of fission product diffusion for NERVA under loss-of-coolant conditions, some irferences
may be made regarding the magnitude of this diffusion in comparison with that for the NRX
reactor.

In the NRX reactor, core integrity was maintained for about 160 seconds after loss-
of-coolant. At this time the aluminum brackets which are components of the lateral support
system failed. The core was then left in a non-restrained condition, and ejection of fuel
elements was predicted. In the case of NERVA the structure of the lateral support system was
extensively changed. Lleaf springs attached to the graphite inner reflector are no longer used.
In NERVA, the lateral support forces are transmitted to the core by segmented graphite seals
acted on by graphite plungers which are supported by Inconel springs recessed into the beryl-
lium reflector structure. For a 30-second operating period, it appears that some lateral sup-
port will be maintained indefinitely in the event of loss-of-coolant. For a 500-second oper-

ating period, lateral support will endure for ot least 1500 seconds(s])

. With much longer
periods of reactor integrity predicted, it is expected that the amount of post-cperational fis-
sion product diffusion occurring for the NERVA reactor will be greater than that anticipated
for the NRX reactor.

3.2.2.2 Nuclear Excursions

In the event the NERV A (or NRX) reactor undergoes a nuclear excursion, it is ex-
pected that large quantities of gaseous fission products will be released to the environment,
A nuclear excursion may be of two types ~ destructive or non-destructive. [f the excursion
is non-destructive, tne primary result will be overheating of the core and simultaneous fission
product diffusion. In fact, the consequences of a non-destructive excursion will be essenti-
ally the same as those accompanying a loss-of-coolant accident. For both the NERV A and
NRX reactors, it appears that the only types of excursions which may occur accidentally are

those of the non-destructive variefy(sz).
N .. .o A A - -
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However, from a safety countermeasure point of view, it may be both feasible and

desirable to induce a destructive nuclear excursion.* Such an excursion will serve both to
fragment the core into a multitude of small particles and to release fission products. The
mechanism of release in this case will differ considerably from that existing unde either op-
erational or loss-of-coolant conditions. Whan fission products are released from the core
under the latter conditions, the mechanism of release involves diffusion of the pertinent ele-
ments or their ionic derivatives through the graphitic matrix. If the fuel is in a bead form
surrounded by a pyro-graphite coating, then release will also involve diffusion of the species
through this coating. In the svent of a destructive nuclear excursion, it is expected that the
primary effect will involve liquefaction of the uranium carbide fuel within the bead structure,
rapidly followed by mechanical rupturing of the beads anc concomitant fragmentation of the

(48)

nuclear core’ " ’. With the uranium carbide in o liquid state, the mechanism of fission pro-
duct release will be one of evaporation of the fission products from thz liquified fuel. The
results of several experimental programs have demonstrated the magnitude of release accom-
panying a nuclear excursion.

TREAT Experiments.  The first experiments to assess the magnitude of fission product

release during a NERV A excursion involving beaded fuel were those performed at the TREAT

(53). In these tests the percentage release of Xe 133, ! 131 , and Te 132

reactor at Idaho
was determined as a function of sample transient energy. The percent release is defined as
follows:

Percent Release of Nuclide X at b= AR’/AI x 100%

-
]

time after transient when nuclide was separate from its sample

3 .
environment

"}

A] = calculated activity of nuclide X in the test sample at time t, assum-
ing no loss

the activity of the nuclide released to sample environment at time t

lodine release ranged from 0.09 percent at 390 cal/g (900°C) to 10.5 percent at
1870 cal/g (3200°C); xenon release, from 0.08 percent at 390 cal/g to 9.6 percent at 1870
cal/g (3200°C); tellurium release, fr- .08 at 390 cal/g to 4.8 percent at 1870 cal/g.

* Excursion mechanisms are discussed in more detail in Section 6.5.
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These release data are based on radiochemical analyses performed 2 to 7 days after the tran-
sient experiment took place. Thus, it was not necessarily these isotopes which were lost dur-
ing the transient but rather their precursors in the radioactive decay schemes which were
vaporized. In the case of I131 , the release fraction measured several days atter the transient

will depend upon the quantities of Sb 131 , Te 13 131m

released during the trans-
ient; for Xe133 the measured release fraction will be a function of |133 and Te‘33

132 and Sb132 releases.

, and Te
release
fractions; while Te"32 measured release fraction will depend on Sn
Because of the delay time required in performing the radiochemical aralyses, it is virtually
imposs.ble to use these data to evaluate the fractional release occurring during actual trans-
ient condition. Fuel damage in the tests consisted of degradation of the fuel bead coatings
along with migration of uranium curbide into the graphite matrix. However, no actual fuel
fragmentation was observed -- a result believed to be due to the long transient periods
(40 m sec) used in these tests. Thus, it is not possible to ascertain whether or not the fission
product release in these series of experiments was the result of an evaporation or a diffusion
mechanism.

KIWI-TNT.  With the performance of the KIWI-TNT experiment, it was possible to
assess the magnitude of fission product release occurring under actual destructive excursion
conditions. In this full scale ruclear transient test an energy release of 3.1 x 1020 fissions

6

tation was observed with the largest degree occurring in the core center where the fission

was obtained in a transient period of 0.65 milliseconds 2, 48 ). Considerable core fragmen-
density was highest.

Radiochemical analyses of the KIWI-TNT cloud showed that about 66 percent of the
least volatile fission products Mo99 and Nd147 were found in the cicud subseguent to the
test(54). Larger fractions of most other fission products were found with about 50 percent of
the core fuel.

In addition, it was found that radioactive isotope deposifion occurred on non-fueled
graphite structural components. However, analyses showed that these isotopes resided primar-
ily on the components surfaces. It was concluded by LASL as a result of this test that in adestruc-

tive excursion "almost all of the fission products would be released as vapor with a portion

B';.(48)
Nwreeee o | -—-,"(

recondensing on cooler fragmen
-
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CHAPTER 4.0

SOURCE TERM DUE TO NEUTRON ACTIVATION

The previous discussion in Chapter 3.0 was concerned with the inventory associated w ith
radioactive fuel material. In addition to this source of radioactivity, there will exist in the
reactor, materials which have become radioactive as the result of neutron activation. The
purpose of this chapter is to examine the source term associated with activated non-fueled
components, to compare the activity of these components with that of NERVA fuel, and to
review the experimental and analytical work performed to assess the re-entry ablation

characteristics of these materials.

4.1 MATERIALS ACTIVATION OF METALLIC REACTOR COMPONENTS

Calculation of the source strength resulting from neutron activation of all the
structural comoonents in the NRX reactors has been documented in the NERVA source term
report(] )ond in a comprehensive activation analysis repor‘zz The former document has included
comparisons of the activation product radioactivity with the fission product activity including
comparison of radiokiological hazards from re-entering fuel and structural materials debris.
Major results and conclusions from that report are summarized below. Stepher - and
Planiselsz)provide extensive data and curves on the gamma activity (MEV/sec-  ; end gamma
dose rates from all NRX-A2 components as a function of decay time fsllowing reactor opera-
tion for 1.77 x 105 megawatt seconds. The data is applicable to other reactor operating
times by direct proportionin - of the integrated power.

The relative contributions of each of the activated structural materials and of the
fuel to the total beta a'id gamma activity source strength of the NRX reactors are summarized in
Table 4-1(.I .) Activity of components fabricated from the four metals shown in the table comprises
essent’ally all of that arising from neutron activation. The contribution from other materials
was investigated but found to be negligible. For example, although there is ¢ considerable
mass of beryllium present, the total gamma and beta energy source origirating from the
beryllium comprises less than 0. 1 percent of the total activity due to the four materials shov:n

in the table.
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TABLE 4-1
CONTRIBUTION OF STRUCTLRAL MATERIALS AND FISSION PRODUCTS
TO TOTAL SOURCE STRENGTH OF NERVA REACTOR

Gamma Energh Percent

Time After Stainless Fission
Shutdown (Hr) Inconel-X Steel Aluminum Titanium Products

0 0.01 0.13 0.61 0.02 99.23

0.5 0.03 0.81 0.05 0.002 99.11

1 0.06 1.59 0.08 0.001 98.26

2 0.13 3.27 0.16 0.001 96:44

10 0.14 1.85 0.21 0.006 97.79

24 0.03 0.35 0.10 0.001 99.51

168 0.13 0.68 0.01 0.008 99.19

720 0.52 243 0 0.002 97.05

4320 1.47 10.83 0.002 0.005 87.68

8760 1.41 20.54 0.005 0.006 77.94

43800 0.42 51.66 0.02 0.009 47.90

87600 0.30 40.14 0.02 0 59.55

Beta Energy, Percent

0 0.02 0.16 0.07 0.04 99.72

0.5 0.02 0.75 0.05 0.008 99.17

1.0 0.04 1.17 0.07 0.01 98.72

2 0.09 2.24 0.12 0.009 97.54

10 0.06 0.7 0.16 0 98 86

24 0.008 0.31 0.14 0 99.53

168 0.008 0.64 0.002 0 99.35

720 0.03 2.38 0.001 0 97.59

4320 0.05 0.71 0 0 99.23

8760 0.03 0.69 0 0 99.28

43800 0.04 0.18 0.001 0 99.77

87600 0.06 0.17 0.001 0 99.77
TR T
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The data of Table 4-1 show that for periods up to one year (8760 hr) after shutdown,
activity from the fission products accounts for 78 percent or greater of the total gamma energy
source. For rimes greater than one year after shutdown, gamma activity due to stainless
steel becomes significantly greater, but is still less than ti:e fission product activity even
after 10 years decay. It can be concluded that the contribution of the activation products to

the total source term inventory ‘s not significant.

4.1.1 Re-Entry Hazards from Activation Products

Although the total inventory of activation products is small in comparison with the
total activity due to fission products, it is of interest to define specific radiological safety
problems that may exist resulting from re-entry of neutron activated structural materials. The
source term from activation products associated with passive re-entry of an NRX and NERVA

engine has been describea(3 ) The NERVA Source Term Program report(] )describes the source

strength of small particles that could originate from an explosive destruct countermeasure and
could introduce a possible ingestion hazard, It also presents a description of contamination
of ocean waters by activating products. A brief summary of these findings as reported in those

documents is given below.

4.1.1.1 Passive Re-entry

Passive re-entry behavior of the NRX aond NERVA reactor following a loss-
of-coolant accident from earth orbit startup and sub-orbit startup of the reactor has
been described in Reference 3. Following the loss=of-coolant accident, the reactor
core disassembles, and under tumbling conditions, the fuel elements, filler strips,
nozzle, lateral support system, and cluster plates are lost from the reactor vehicle in
space. The remaining reactor shell is then comprised basically of the pressure vessel, dome,
core support plate, beryllium reflector, and shield. The source strength of this shell upon
ultimate re-entry and impact on earth is a function of flight failure time (length of reactor
operating time) and the subsequent re-entry time (decay time) to earth impact. Calculations
of the gamma source strength of this shell due to neutron activation have been calculoted for

TTSELAI
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failures from both orbit start and sub-orbit start missions, and are shown graphically in
Figures 4-1 and 4-2, respectiveiy. For comparison purposes, the gamma source strength of
a single NRX fuel element is also shown in these figures. For the 100-nautical mile orbit
start case it can be seen from Figure 4-1 that the activation products source strength of

the entire NRX reactor shell at no time is significantly greater than the source strength from
a single fuel element, and is, in fact, less than that from a single element for a failure
occurring during the majority of flight time. For the sub-orbit start case, early failures will
result in predictable impact locations, with short re-entry times (15 minutes to 1 hour) of the
reactor shell, Thus, the activity will be considerably greater than that due to failure from
orbit start, |t is seen from Figure 4~2 that the gamma source strength of the reactor shell is
abou* eight to twelve times greater than the source strength of a single fuel element for

iand impact locations. Expected gamma doses to the general population from the 1626 fuel
elements impacting in Africa have been calculotedﬁz The addition of the equivalent of 8 to
12 .~ elements (from the source strength of the activation products) to the total of 1626
elements would have only a minor effect on the expected population exposures. Passive
re-entry analyses were also made for the NERVA (5000 Mw ) reactor following failure

from startup in 263 nautical mile earth orbifcz Because of the long orbit lifetimes of the
reactor shell due to the high altitude start, the maximum activation products source strength
of the reactor shell was about one-tenth of that shown in Figure 4-1. For failure times later
than about 60 seconds after startup, the source strength of a single NERVA fuel element greatly

exceeds the reactor shell source strength.

4,1.1.2 Small Particle Consideration

An NRX reactor mission was assumed in which the reactor was started sub-orbitally,
fcllowed by nine minutes full power operation and then destructed immediately by a high
explosive charge. The beta and gamma source strengths for 1000-micron diameter spherical
parficle of the structural materials and of o fuel element were calculated at the time of ground
impact of the particle, and for decay times up to 10 years thereafter. The 1000-micron particle

was chosen as the maximum dic neter of an ingestible particle.
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The results of these calculations showing the beta energy decay rate are illustrated
in Figure 4-3. The Leta energy curve is shown because it gives the beta particle emissions from
an ingested particle that are of greatest concern, Comparison of the curves in Figure 4-3
reveals that the beta source strength of a fuel particle (due to fission products) always exceeds
the activity of a stainless steel or inconel particle by a factor of 50 to 100, The gemma source
strength curves(])ore similar to those of Figure 4-3, with the exception that after one yeor decay,
the fission product activity is about equal to that of the stainless steel and Inconel. Since the
beta dose is controlling for ingested particles, the conclusion can be made that the dose
received from an ingested particle of activoted structural material would be insignificant in
comparison with the dose received from an equal voiume sized particle of fuel material. This
conclusion is based on the reasonable assumption that both particles are insoluble during the

residence time within the body.

4,1.1.3 Contamination of Ocean Waters

An evaluation has been made of the extent of contamination of ocean waters by
racioactive structural materials resulting from destructive action of an NRX sized reoctor(]).
The mode! used assumed that explosive destruct action occurred following nine minutes power
operation from a suborbital start of the reactor. A simplified dispersion model assuming
isotropic scattering of the debris was used. The activity at the point of maximum ocean surface
particle density was used, and the particles were assumed to be dissolved or dispersed in the
water only one meter deep. The activity of the water was calculated after 12 hours from time
of destruct, The 12 hours can be considered to include settling time of the particles and
residence time in the ocean. The 12 hour period is assumed to be the minimum time possible for
the radioactive material to enter the human food chain.

The results of these calculations are summarized in Table 4-2.  This table lists the
concentration in microcuries per milliliter for 24 different radionuclides formed by neutron
activation of NERVA structural materials. These 24 radionuclides comprise greater than 99.9
percent of the total activity originating from stainless steel, Inconel-X, aluminum, and
titanium after 12 hours decay. The total concentration of each nuclide is compared with

the maximum permissible concentration of radioisotopes in sea wafe$4)and with the maximum
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TABLE 4-2

CONTAMINATION OF OCEAN WATER BY RE-ENTRY OF
RADIOACTIVE NRX REACTOR STRUCTURAL MATERIALS

Nuclide Sea Water Activity, pc/ml Permimibie _urcentration
316 Stainless 2219 Titanium Sea Wote Orinking wate

Symbol  t-1/2 Steel Incone | -X Aluminum (Including Presure Vemel) Totol MPCC (pc/ml)”  MPC (uc/mb)
NaZ* | 15w 20x10" ] s0x10° | 92x107° 63x10° 3x 107
59! 26h 27x10° 22x107"° 27x10® 2x107
P32 1434 27x107"° 27x107° | 284107 2x107
sc¥ B4 d s9x 107" 59x107" ax10®
sV 344 66x 10 66x10" 9x 1070
sc*® b | a1x100 41x10710 3x107°
! Bd 58x10° 16x10® 74x10® | 20x107 2x 107
Mot | 314 3221070 | s50x107" 37x1079| 67x107 1x107
Ma> 26h 23x° ® 40x0”7 | 78x107 35x10® Tx107
Fe’ ny 551070 22x107"" 57x107% | 2.0x107° 5% 107
o | w74 58x107'% | 3sx10” 424107 | s.0x107° ax10!
™M on s0x107 aix107 81x 107 2x 107
Co™® 74 73x107 | 4ax10® 45x10°%" 10010 9x1073
¥ 5.3y 73x1071% | 53x107"° 13107 | s.0x107 3xt07%
ni® 92y g1xi0” 1.5x 10710 2.3x107"° 3x10”
NiS3 26h 9.0x107 15x10° 24x10° 1x107
el 129k 42x10® | 70x107 70510 6.0.107° 2.0
Nb 72 361072 3.6x107 2 9xt0™t
Mo | esn 2.4x107 2.4x107 ax107
o' 1 nga 45x10" esx10 " a5 8x 1073
so'?V 25k 1.4x 108 Lax1078

sn'23 125 d 5.9x 10" soxi0!

0’ | o.44 gixt0’ 8.1x107" 2% 107
1" | nsd 1Lax0 1L3x10? | aox0”? ax1’

] 1 1 !
* Agsuming sea woter demity of T gm/cc.
+* Excoeded MPCC.
————A LI CAITIAL ) i
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permissible conceniration in drinking waterﬁ.) Blank values in the table indicate there is no
data availabie for these radioisotopes in References 4 and 5.

Additional structural materials of the engine not considered in this analysis (nozzle,
piping, etc.) would add to ihe inventory. However, these additional materials have a low
specific activity because of their relatively greater distance from the core and thus they are
exposed to neutron fluxes which are at least two orders of magnitude lower than the materials
in the reactor. Consequently, these additional materials would contribute only slightly to
the specific activity of the sea water,

It is concluded from the results of Table 4-2 that contamination of ocean v.aters
from radioactive debris of the structural materials of the NERVA engine does not pose o
significant radiological hazard, Two nuclides, Co58 and Cu64, exceed the MPCC for sea
water, However, these values are not ccnsidered to be hazaerdous. The assumptions made on
the distribution of the radioisotopes in the ocean water are extremely conservative. Most
certainly, the debris would not remain in water at only one meter depth, but the larger
particles would settie to the bottom. In addition, these metal particles are insoluble, and it
is extremely conservative to consider that these materials would be uniformly dispersed or
dissolved in the waters within a 12-hour period. Therefore, the most likely concentrations
of the radioisotopes in the sea water would probably be several orders of magnitude less than
that shown in Table 4-2,

Contamination of ocean waters by fission products from the fuel has been estimated

(8) 20

by the NUS Corporation, They assumed a nuclear excursion corresponding to 3 x 10
fissions (104 Mw-=-seconds), with 100 percent rele . : and solubility of fission products into the
ocean water. Two initial sea water volume sources were considered, 10 meter and 100 meter
diameters and 10 meter depths, with subsequent dilution calculated by o two-dimensionally
symmetric diffusion equation. Peak concentrations of individual fission product nuclides were
caleulated at 103 minutes and ]04 minutes after the excursion, Fission products with concen-
95; RU]03' Sn125, |131, BoMO, ; ‘éO!

2 L

tration in excess of MPCC at 103 minutes ware Zr
Cel41

were below MPCC values. However, any evaiuation of the radiological importance of these

1
and Ce]44. At one week (]04 minutes) all fission products with the exception of Ru’

nuclides in relation to human exposure must include consideration of such factors, as the

LNPI = -
e T W D Y - N
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physical state, stable element configuration, and uiological half-life of the fission products.
With consideration of these factors plus the additional decay and diffusion at one week, the

hazard to man from fission products via the marine environment cppears to be small.

4,1.2 Conclusicrs
On the basis of the informution presented in this section, it can be concluded that

the source term du. to neutron activation g.oducts is small in comparison with that due to the
fission products from the fuel material. Thus, in performing radiological safety analyses for
NERVA reactor systems, the contribution of activation products to the tatal redioactive source
strength of re-antering debris, can be neglected without introducing significant ut :ertainties

in the analysis.

4,2 RE-ENTRY ABLATION OF REACTOR COMPONENTS

It appears that the petential radiological safety problems associated with activated
reactor components will be of considerably less consequence than those associated with NERVA
fuel. However, in order to . <amine the problems associated with the re-entry of metallic

components, it is necessary to assess the degree to which these materials will ablate during

the re-entry process.

4,21 Experimental Results

The ablation behavior of the following materials was examined in an experimental
plasmaijet facility consisting of aluminum 6061-T6, aluminum ailoy 2219-T85Z, titanium A110-
At, stainie:s steel 304~A, Inconel-X750, and beryllium(b). The samples were tested in the form
of one-half inch hemispheres. The experimental conditions involved stagnation pressures
ranging from 0 00423 to 0.177 atm. and stagnation enthalpies ranging from 800 to 12, 500 Btu/lb.
As a result f this study the following conclusions were made:

1. The ablation of aluminum, aluminum alloy, cnd titanium is governed entirely

by ie melting process; i.e., the energy . .quired to ablate is simply equal to:
T

Q =Wf"C dT+AH
m p m

T,

e et e 1
.-

- , v
 —— W . W W ww - .
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where:

Qm = the heat required to avblate a material, cal

W =the weight of a given sample, g
Cp = the Feat capacity function, cal.®C-g.

Ti = initial temperature of the material, °c
Tm = melting temperature of the material, °C

AH = the heat of melti.ig, cai/g
m

2. In the case of t.tenium and stainless steel the presence of a thick, teancious
oxide coat on the sampies irhibits ablation. However on pre-oxidized stain-
less steel samples, where cracks and spalling of the cxide laye. are evident,
the ablation process is accelerated.

3.  Rates of oxidatic~ of all materials studied in the plasmajet sy<tem, acrear,
at least in a quan :tative serise, to be similar to those obtained by investi-

gators ssing static systems.

Ia

The oblation of Incc.el-X and stainless steel at high heotir.g rates is similar
to that of aluminum, aluminum alloy and titanium.

In addition, it was observed that: (i) At low heating rates, Inconel-X and stainless
steel underwent o phenomenon which was termed "incomplete ablation”. Incomplete ablation
was attributed to o chonge ° - sample geometry which changed the total | ating rate to the
sample and a chanse in position of the stagnation point which diminished the heating rate to
the sample.  (2) The abluiion of beryllium required more heat *han w -s predicted theoretically.
The reasons advanced tor this phenomenon were that the heating rate to the sample was lowered
as o result of a change i.. sample geometry du-ing ablation and/or a chunge in the position of the

stagnation point (see 1 above), and o phase change may have occurred in the temperature range
1240-126C°C.

Fm-*
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422 Advanced Ablation Theories
It oppears ~3 a result of the above studies that a simple melting model might serve

to explain the ablation process for o wide variety of metals. however, sufficient anomalies

existed that it seemed desirable o examine ablotion from a more exact theoretical model. A
model of this type has been pmposed(n.

The model examines the interaction between the _aseous hypersonic boundary layer
and the fiquid layer of the ablating body. In the model, the conditions ot the outer edge of
the gaseous boundary layer are d. termined by the properties of the gos behind the shock.
Similarly, the properties of the solid determine the boundary conditions at the solid-liquid
intarface. The model matches five quantities of the gas-liquid interface; i.e., temperoture,
tangertia' velocity, moss transfer, heat transfes, and shear stress. Numericol solutions have
been obtained for both the gas and liquia boundary layer equations for the high Reynolds
number hypersonic jominar flow regime. A thorough description of this mathematical model

wnd its derivation are given in Reference 7,

TTeAALnINLNITIA| B
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CHAPTER 5.0
ACCIDENT AND PROBABILITY MODELS FCR NUCLEAR POWERED FLIGHT VEHICLE SYSTEMS

In the event of an in-flight failure involving a nuclear powered engine system, the
vehicle may fail to complete its mission objectives. One consequence of such an occurrence
would be the eventual re-entry of radioactive debris to the Earth's biosphere. The time
required for such re-entry could range from about fifteen minutes if failure occurred during
the sub—cibital portion of the flight to years in case the accident took place during the orbital
phase of operation. Howeve:, the source term of re-entering debris will depend to a large
extent upon the type of accident which occurs and the post-accident behavior of the system.
In order to evaluate source terr s, a definition of potential accidents and their effect on the
flight system is required. In addition, the definition of accident models is required for the
assessment of the practicality of utilizing post-accident countermeasures and for the evalua-
tion of the efficacy of such countermeasures in reducing source terms. However, in order to
view accident data in a realistic light, it is olso necessary to examine these accidents in terms

of failure probabilities.

5.1 ACCIDENT MODEL DEFINITION

The process used in the selection of an accident mode! may follow two approaches.
in the first approach, a maximum credible accident is selected for analysis. Other acciden*
types are identified but are eliminated from analysis in terms of being either incredible or of
lesser consequence than the maximum credible one. Cnce this accident model is identified,
the radiobiological consequences associated with the particular accident situation may be
assessed. [f such consequences pose no safety problem, it follows that accidents of lesser mag-
nitude are also safe.

The second approach invoives a more detailed eiamination of the individual mal-
function situations which might conceivably lead to entire flight system failure. Once system
malfunctions are identified, the response of the system to the malfunction moy be ev-'ucted
by the use of appropriate analog computer programs. In many cases it may be found that the
system itself may serve to compensate for a given malfunction. If it does not. appropriate

design changes or countermeasuses may be included in the system to prevent the given
7 CC . c === amma - . . _——A’
\:‘Ul‘- o o
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malfunction from leading to mission abort. In the event that neither design changes nor
countermeasures may be found to alleviate the consequences of a given malfunction situation,
i* becomes necessary tc perform a safety analysis associated with the .nalfunction. Post-
accident behavior must be evaluated, source terms must be assessed, and finally the degree
of interaction of the radioactive debris with the Earth's populace must be determined.

The primary virtue of this latter approach arises from the fact that the probability
of an accident occurring may be based on the reliability estimates generated during system
design and testing. If a malfunction is found to lead to mission abort, then failure mode
analyses and reliability data may be used to determine the probability of its occurrence.
Moreover, the examination of system response subsequent to malfunction will aid in the
development of techniques to prevent system failures. Such detailed azzident examination

will require participation and zooperation of all major reactor /system/vehicle contiactors.

511 NRX Accident Model

in recently published safety analyses repor (0, 2? a loss-of~coolant accident model
was chosen as a basis for subsequent safety analyses. The approach used in selecting this
particular accident situation resembled most closely that used in determining o maximum credible
accident. A number of postulated accident situations were considered and the consequences of
each situation to the flight system were either postulated or examined analyiically In all cases
it appeared that the accident sityations would lead either to loss-of-coolant or to somne acc’dent
situation less severe in its consequences. A more detailed failum mode analysis tended to sup-
port the conclusion that most postulated failure modes would lead to this malfunction situctionfs)

Table 5-1 summarizes the accident types and events considered in these safety analysis studies.

5.1.2 Preliminary NERVA Accident Model
Since the issuance of the aforementicined reports, considerable work has been per-

formed in deveioping the design of a 5000 MW reactor, NERVA. The developrient of this

system is, to a large extent, still in the design stage, and it is not possible at present +> per-
form the detailed malfunction siudies required for the definition of accident modals. huwever,
a preliminary examination of the NERVA flow system appears to be merited to determine the
applicability of a loss-of-crolant accident model to NERVA,

-t . ]
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TABLE 5-1
SUMMARY OF ACCIDENTS

Accident Event Accident Model Chosen

W~

—
.

Gimbal Hardover Reactor Intact Until Re~Entry
SN Guidance and Control Lloss
Failure of Roll Controi Jets

. Excursions at Startup Loss-of -Coolant in all Cases

Control Drum Runout
Accidental Hydrogen Insertion
with Drums Full-in

Excursion Under Steady State
Operation

Contro! Drum Runout
Accidental Increuse in Hydrogen
Density

Foilure of the Turbine Drive Loss-of-Coolant in all Cases

2. Nozzle Burn Through at the Hot

w

——
.

o e

Bleed Port

Prematur~ Closure of the Tank
Shut-off Valve

Failure of the Emergency Coolant
Valve to Open Following a Fault
Condition

Coolant Line Breakage

Failure to Startup Eliminated-No Hazard
Spontaneous Structural Failure of Eliminated-Incredible
the Reactor

Spontaneous Structural Failure of Loss~of-Coolant

the Stage

Loss of Communications Reactor Intact
Undefine< Multiple Simultaneous Eliminated~Ir.credible

Failures
) - —cam ama anprp A i1»
‘ - - - .
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Figure 5-1 is a schematic of the NERVA flow system, and is similar in all respects
to the NRX flow system, except in terns of the tie tube supply system. The NERVA reacto$4)
will contain counterflow tie tubes, and as a result, will contain two parallel reactor coolant
paths upstream of the reflector outlet. The main feed line will supply coolant flow ro the
nozzle and thence tn the reactor as was done in the NRX series. The second ccolant iine
brunches off the pump discharge line upstream of the rozzle tube inlet. This flow, which will
serve to cool the counterflow tie tubes, passes through a tie tube control valve (TTCV) which
serves to regulate the coolant flow rate. The tie rube coolant line enters the pressure vessel
head and is distributed around the shield to the tie tube supply plenum. Individual support
tie tubes are then cooled from this plenum. The discharge from the tie tubes enters an effluent
plenum which is open at the periphery to the reflector outer plenum. Here the tie tube dis-
charge flow joins the nozzle coolant (i.e., main reactor flow). The two flows are mixed here
and during their flow through the shield pass, plena, and supoort plate. The total coolant
then passes through the core and is either exhausted through the nozzle or passes through the hot
turbine bleed to the turbine power control valve, then through the turbine tfrom which it is
then exhausted.

Since the systzm does resemble that employed in the NRX reactor, the conclusion
that loss-of-coolant is o probable accident situation for the NERVA reactor appears valid. Thus
the following failures could lead to loss-of-coolant to the reactor:

1. Failure of the turbine power control valve,

2. Nozzle burn through af the hot bleed port,

3. Premature closure of the tank shut-off valve, and
4. Coolant line breakage.

However, the inclusion of the tie tube coolant system does impose one additional
problem. In the event the tie tube control valve closed during operation, coolant to these
tubes would cease. The tie tubes could conceivably yield or melt thus removing axial support
from the system at a time when coolant was flowing through the remainder of the core. The
consequence of such an accident situation in terms of core disassembly would appear to be
conceivably different from that arising in the event of complete loss-of-coolant to the total
core subassembly. To prevent such an eventuality, the TTCV wiil be bypassed by an orificed

=t
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Figure 5-1. NERVA Engine Schematic
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line which will deliver 1C Ib/sec flow in the event the TTCV closes during operation. Thus,
the inclusion of a separate support system does not appear to introduce any flow accident

situations different from those considered for the NRX reactor.

5.2 RELIABILITY AND FAILURE PROBABILITY

It is not possible to establish with any accuracy the reliabiiity or probability of
failure for a flight system that does not yet exist as hardware. However, certain generaliza-
tions can be made based on experience with similar systems, thus providing a conserative
"best estimate" of reliability parameters. Lockheed Missiles and Space Company has made
estimates of the nuclear stage reliability for specific flight missions powered by NRX and
NERVA enginesp) These estimates have been made in the context that nuclear rocket tech-
nology is continuously evolving, and the estimates are conservative representing reasonable
examples of what a nuclear stage can be expected to achieve. These Lockheed estimates
have been used as the basis for calculating failure probabilities in the scfety evaluations of
passive re-enfr§2)and safety evaluations of explosive destruct and auxiliary thrust systensl) for
selected flight missions of NERVA, A summary of the Lockheed reliability estimates and failure
orobability models that have been used in the ROVER program is presented below.

5.2.1 Mission Reliability Estimates

It has been assumed that the reliability of the first two chemical stages is 1.0; that
is, only those flights reaching the point of nuclear stage startup are considered. The reliability
estimates are conservatively assigned on the basis of the early operational period of nuclear
rocket vehicles. Eariy operational values apply to the first block oi vehicles subjected to
actual flight ofter the successful completicn of development, Preliminary Flight Rating Test (PFRT),
and qualification testing. A later operational phase identifies that period of vehicle evolution
in which the reliability growth curve hus attained reasonable stability.

Nuclear stage reliability depends on the mission, reflecting in part the difficulty
of the mission profile, such as whether engine shutdown and re-start are required, guidance and
attitude requirements, etc. LMSC has made reliability estimates for the three mission models
analyzed in the preliminary review of ROVER flight safety. Tt e three mission models cre
summarized in Chapter 8.0 of this report. Each of the basic fu. .rions that must be performed

%IIHL i
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by the nuclear stage in order to attain mission success is assigned reliability estimates.

Reliability estimates are also made for each of the basic functional modes for engine operation.

These estimates are presented in Table 5—20).

5.2.2 Failure Probability Functions
The probability of failure at any time during the mission can be calculated by using
the data of Table 5-2. Basically, this is accomplished by dividing the mission flight profile into

discrete time increments representative of the various engine and stage functional modes. Then

by applying the reliability estimcates for each function, a cumulative reliability for each time
increment can be calculated for the entire stage. The failure probability is then determined

by subtracting the cumuiative reliabilities for each time increment. The derivation of the
failure probability by this technique is described in Reference 5. The probability of failuze
during any of the time increments is considered constant, and the instantaneous failure rate

can then be defined as the probability of failure per second. This failure rate is a discontinuous

step function that has a constant value over selected time increments for each mission.

TABLE 5-2

MISSION MODEL RELIABILITY ESTIMATES
MS-N Stoge Function Reliability Estimates
Stage Reliability

MS-N Stage Function MM tand T MM I
Separation 1.00 0.980
Guidance 0.935 0.940
Attitude Control 0.945 0.950
Nuclear Engine Operation 0.800 0.800

Engine~Operation Reliability Estimates for Basic Functional Modes
Engine Function

Sub-Power Start 0.9500 0.980
S:ut T.ansient 0.9000 0.930
Operation (full duration) 0.9356 0.9427
Shutdown 0.960
Cooldown 0.970

VNNV LIvy T, . o —
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A typical failure rate curve (failure probability rate function) for a 72-hour tunar
mission utilizing the NERVA engine started in earth orbit at 263 nautical miles, as calculated
by LMSC,(])is shown in Figure 5-2. Since many systems come into use at the time of second
stage separation and starivo of the NERVA engine, the failure probability rate is highest
during the first few seccnds of operation. The integral of the failure rate probability function
between any two values of powered flight time gives the probubility that a failure event would
have occurred within that time intervai. Expressed mathematically, the failure probability is:

t

2
F(t) = f p(t) dt
p
h
where p(t) = the vehicle failure rate probability function
F (t) = the probability of occurrence of a failure event within the time
P interval t_ fo t
1 2
The failure rate functions have been used in the safety analysis of nuclear vehicle
flight missions in order to predict the expected population dose exposures(]' 2). Further discussion

on the application of the failure rate functions is presented in Chapter 8.0.
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CHAPTER 6.0
COUNTERMEAS URE SYSTEMS

In order to provide the maximum safety to an operational nuclear powered flight
vehicle, suvitable safety systems must be inc~-oorated into the nuclear propulsion system design.
Prior to startup of the nuclear stage, the safety vroblem: associated with the nuclear system
are quite similar to those existing for .ny rocket vehicle, unless the nuclear re~-:tor 'vere to
undergo a nuclear excursion. To prevent such a contingency, an anti-criticality poison system
has been studied for inclusion in the NERVA flight engine cesign. In the event that flight system
failure were to occur after reactor startup, the pcssibility exists that the radioactive materia'
generated during reactor operation will re-enter the earth’s biosphere, thereby, posing a potential
radiobiologicai safety problem. If such an event does occur, a decision must be made as to
what subsequent course of action must be pursued. A number of alternatives are presently
under consideration. The simplest of these would involve tuking no major action and allowing
the reactor to re-enter passively. Alternatively, safety counterreasures may be employed
whereby specific actinn is taken tu insure safe disposal. Such action may range from appli-~
cation of auxiliary thrust to produce a contiolled impcet location or boost to long-iife orbit
to the deliberate destruction of the reactor into a nultitude of small fragments, all of which
would hopefully pose no radiological safety problems. This section summarizes the analyses

and experimental werk performed to date on proposed safety systems currently under study.

6.1 ANTI-CRITICALITY POISON WIRE SYSTEM (ACPS)

Prior to start-up of the SN stage the reactor has no fission power inventory; however,
if a nuclear excursion were to occur, a fission product inventory would be generated, and the
potential of a radiological hazard would exist. A number of possible accidents whick could
lead to such o reactor transient have been identified, and include:(”

1. Core implosion within the liquid detonating region of a C-5 booster fire

explesion.
Water acciderts involving high velocity water injection in the .orc from water
impuct, or complete water ret'ection trom core immersion (no water in core).

P
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3. Cor2 deformation from long impact.

4. Lliquid hydrogen injection 1n the core through pump mai

5. Gross co-:rol drum “runout melfunction’.

In order to prevent this type of accident an in-flight poison wire system was
designed(z)_ This system will maintain the reactor subcritical in the event of all the above

accident situations, from assembly to just prior to engine stcrtup.

6.1.1 System Description
6.1.1.7 Wires

The wire material and structure selected, depend upon the type of accident situa-

tions and environments which the engine system may encounter. To be an effective counter-
measure the wire mustbe copable of: resistina the high temperatures associated with launch
pad fires, remaining pliable at low temperature so that wire removal may be accomplished
under orbital flight conditions, and being inscluble in sea water for lonj periods of time

to prevent poison removal in the event of a loss of coolant accident.

Analyses indicated that boron would be an effective element in maintaining the
reactor subceritical under accident conditions. In order to obtain the boron in a form which
is both insoluble in sea water and of a high melting point, it was decided to make the wires
of boron carbide (B4C). To reduce the weight of poison material required, the B4C should
be prepared frem the !0 isctope. If 80 to 90 percent enrichment is empioyed, then the
number of wires required tc obtain a given eoisoning effectiveness is reduced to abou? one-
third the number needed witk natural boron.

Since it is necessary to keep the wires flexible at low temperatcres and to prevent
core and nozzle damage upon removal of the wire, the B C wires must be coated. Figures 6-1
and 6- 2( ) show cross—sectionel and longitudinal views of the proposed poison wire design.
This design consists of a B4C center surrounded Ly nylon shrinkable tubing, which is in turn
enclosed by a braided fiberglass tube and covered with a Teflon sheath. Flexibility can be
achieved if the wires are broken into 1/8~inch segments and if fiberglass braid is used in
the poison stick encasement as a mears of trans..itting tensile forces through the length of

the wire. This fiberglass braid is not only flexibie and strong, but is also resistant 1o high

CUNFIVEIN 1.
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Figure 6-1. Cross-sectional View of Poison Wire
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temperatures. The outer surface of the prototype poison wire is a Teflon sheath which is
shrunk over the fiberglass braid. The low friction coefficient of Teflon minimizes resistance
to forces applied during withdrawal of wires from the reactor. Moreover, this Teflon coating
serves to prevent the release of poisor. ma'erial through openings in the fiberglass wall.
Reactivity calculations have been perfomz;;i to determine the total number and the

distribution of wires required for efiective poisoning" . Results indicate an essentially uniform

wire distribution with approximately 10 wires per fuel cluster. For convenience in assigning
wires to fuel clusters, the nominal number of wires required to establish a bundle was set at
ten. In these bundles of ten wires the terminus ends of individual wires are joined, and the
integrated bundle is attached to the wire withdrawal system.

6.1.1.2 ACPS System

Figure 6-3 shows a preliminary conceptual design for the ACPS system

(2)

which is
basically a mechanical spring actuated system, but uses a pneumatic motor to initiate wire
extraction. It operates on the principle of relative movement of an inner and outer cylinder
and the mass momentum generated by instantaneous release of pre-compressed springs. Figure
6-3 shows the placement of this system within the nozzle where a protective foam material
will prevent nozzle damage. In this system the wire bundles are connected to a retainer plate
via a terminal link. This plate is locked into place by actuator-controlled locks in a guide
cylinder that is mounted in the the divergent section of the nozzie. Upon actuation by a
telemziry signal, the retainer plate and poison wire are withdrawn from the core by a pneu-
matic motor connected to the retainer plate via a spring steel wire extraction tape. When the
piston to which the retainer plate is attached reaches the end of its travel in the guide cylinder,
it hits a proximity switch which shuts off the pull mechanism and induces a telemetry signal
which indicates to a ground station that the wires have been extracted and stored. A ground
telemetry signal then arms the removal mechanism of the inner locking tube latch. Following
this, appropriate release mechanisms are activated, and the entire system is released from the
nozzle along with the protective foam materials. The entire operational sequerce lasts 10

seconds and occurs just before SN startup.
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Nevutronic Considerations

In order to evaluate the total number of wires required fo maintain the core sub-

critical in the event of an cccident situation, a pcrametric study was performed to determine

the effect of changing B4C density, wire diameter, and number of wires on reactivity under

o water flooded condition. This is considered to be a worst accident case. The reactivity of

a water flooded reactor was determined to be 1.59 k

A reactor recctivity of 0.95 k

eff eff ¢

considered to provide an adequate snutdown margin. The following results were obtained for

the 1100 Mw NRX reactor:

1.

Reactivity variation is relatively insensitive to By oC dersity over the
range 80 to 90 percent theoretical.

A ten percent change in the number of wires in the range 2000 to
2200 wires resuits in about a 0.04 reactivity change.

A change in wire diometer from 0,137 cm to 0.157 cm results in

about 0.08 reactivity change.

Two thousand wires, containing 85 percent theoretical density

8 mC of 0.147 cm diameter, uniformly distributed throughout the
core are adequate to maintain the fully flooded reactor at or below

a reactivity of 0.95.

Pre-assembly experimental (PAX) reactor critical tests were conducted to determine the

worth of poison wires, Experimentally determined wire worthat the center of the reactor was 5. 3

to 6. O cents each with adry reactor, and 9. 2to 13. 7 cents each for a water flooded reactor (water

simulated with polyethylene rods). Calculatedworth for wires in the some position was4. 0 cents

eachin adry reactor and 6. 9109. 3 cents in a flooded reactor. These tests indicate the flooded

reactor calculations to be somewhat conservative. It appears that 2000 wires will be more

than sufficient to maintain a water flooded reactor subcritical.

6.2

PASSIVE RE-ENTRY

The term "passive re-entry" refers to a course of action wherein no major counter-

measure is applied subsequent to an in-flight failure of a nuclear stage. The only positive

measure that will be i_ken is to separate the reactor, pressure vessel, and nozzle from ri.e

.
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remainder of the nuclecr stage. Under such passive conditions, the fate of this re-entry
vehicle becomes a function of the operating history before abort, of the subsequent behavior
of the reactor syste:n following failure, and of the natural phenomena associated with aimos-

pheric re-entry at hypersonic velocities.

6.2.1 Post-Accident Reactor Status

The discussion of passive re-entry will be confined to consideration of an accident
situation involving total loss-of-coolant to the reactor (Section 5.1). To assess the efficacy
of passive re-entry as a post-failure course of action, it is necessary to examine the effect
of this loss-of-coolant accident on reactor integrity. The ultimate source term associated
with debris will depend to a large extent upon the ability of the reacror to withstand post-
operational heating. If the reactor has such capability then the following advantages exist:

1. An ATS system may be utilized to control impact location of a

failed reactor. This condition is of particular importance in the
event of failure during the sub-orbital portion of a flight tra-
jectory when the spent reactor or reactor debris may impact on
land. Use of an ATS system will allow for deep ocean ‘isposal
of the radioactive debris. However, the use of such a device is
predicated on the condition that the reactor can withstand the
forces associated with thrust application.

2. Advantage may be taken of the longer orbital lifetime associated
with an intact reactor as compared with that of an individual
fuel element. (For the NRX reactor the lifetime of a reactor in
orbit will be about 27 times greater than that of a single fuel
element in the scme orbit.) This enhanced orbital lifetime allows
time for additional fission product decay and will ultimately serve
to reduce the fission product inventory of re-entering debris.

3. Fission product diffusion will take place during the time period
the reactor suffers high core temperatures, subsequent to loss-of-

coolant as long as the reactor remains integral. Once disassembly

» ok
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occurs fuel elements will be released to the local environment where
they will cool rapidly. Diffusion will then cease. Thus, the longer the
reactor maintains integrity, the longer will diffusion take place and
the smaller will be the inventory of reactor debris which eventually
re-enters the biosphere.
On the basis of the above potential advantages associated with maintaining a reactor
intact, it is obvious that an assessment of the response of a reactor to post operational heating

is mandatory.

6.2.1.1 The NRX Reactor

The post-operational heating response of an NRX reactor may be evaluated by
using either the NOFLOW(4) or the NOFLOW-FIPDIF(S) ccmputer programs. Both codes
consider two sources for the post operational heating of the reactor: fission power and the
power resulting from fission product decay. However, in addition, the NOFLOW<-FIPCIF
program takes into account the reduction of fission product inventory in the core as a result
of isotope diffusion at high core temperatures.

A schematic of the geometric model of the NRX reactor used in post operational
k.eating analyses is shown in Figure 6-4. For computing post-operational temperatures, each
component was considered to be composed of an arbitrury number of axial segments. The
following types of heat transfer modes and energy generation and loss terms were considered:

1. Axial conduction from each segment of each component to

adjacent segments.

2. Radial conduction from the core through the pyrographite tiles

surrounding the core to the graphite filler strips.

3. Conduction from the core through the pyrographite sleeve

surrounding each tie rod.

4, Radiation from the core exit face to each nozzle segment.

5. Radiation from the core inlet face to the core support plate.

6. Radiation frum the core support plate to the shield second pass.
7. Radiation from the graphite filler strips to the graphite reflector.

™
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Radiation from the graphite reflector to the beryllium reflector.

9. Radiation from the beryllium reflector to the pressure vessel.

10. Radiation losses from the pressure vessel and pressure vessel
dome to the environment,

11. Radiation losses from the nozzle backing to the environment.

12.  Nuclear energy deposited in each segment of each component.

13. Radiation transfer from the pyrographite sleeve to the steel
sleeve in the tie rod channel.

14. Radiation transfer from the steel sleeve to the tie rod.

15. Energy conducted from the nozzle flange to the lower pressure
vessel flange.

16. Energy losses due to melting of tie rods.

17. Energy losses due to sublimation of graphite.

From the point of view of the reactor itself maintaining integrity, the thermal
response of the two core support systems - axial and lateral - are of particular importarce.
The axial support system consists of 289 Inconel tie tubes aitaciied to the core support plate,
These tubes run axially through the core and hold the entire core assembly in compression
under the pressure drop experienced during normal operation. The lateral support system
consists of 324 spring-plunger assemblies attached to the graphite inner reflector of the
NRX reactor. It has been designed to withstand a 4 g lateral acceleration. The plungers
which are made of graphite bear on graphite seals along the length of the core. Stainless
stee| springs bear on the plungers, and these springs are attached to the outer face of the
inner reflector by aluminum brackets and aluminum retainer screws. Figure 6-5 illustrates
this spring assembly, Of all the maverials used in the assembly, aluminum has the iowest
yield temperature (1260°R). Once aluminum reaches this temperature, the load bearing
capabilities of the Icteral support system will be lost.

Post-operational heating analyses of the NRX reactor :ave indicated that both of
these support systems will be lost shortly after the loss-of-coolant accident; the axial support

system will fail first. All tie rods in the core melt within 20 to 30 seconds after failure.
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Because of the rapid thermal degradation of these components, no time-temperu.ure histories
are shewn. The lateral support system survives longer. At about 160 seconds after failure
this support system reaches the yield temperature of aluminum - 1260°R ot the core exit.*
With the loss of these two load becring components, the NRX core is left in an
essentially non-restrained condition. The only force left to retard element ejection from the
core is the frictional force between the faces of adjacent graphite fuel elements. |f some
force, such as the centrifugal force associated with a tumbling vehicle, is applied to the
reactor, it is quite possible that element ejecticr. will commence. An analysis was performed

(6)

to evaluate this possibility” . It was found, allowing for frictional forces between elements,
that ejection of ail fuel elements from the reacior wouid be accomplished within about 4400
seconds after loss of all core <upport if the reactor weis tumbling as slowly as one degree per
second about its three principal axes. Faster tumbling rates would gut the reactor of 1ts fuel
elements even more rapidly. Thus, it appears that the failure of the support systems of the
NRX reactor would lead to eventual core disassembly and that the long orbital lifetimes
associated with a spent intact reactor could not be achieved. Moreover, fission product
diffusion will cease once disassembly is accomplisked.

The other component which plays an important role in the passive re-entry approach
is the core support plate. This component, located at the dome end of the core is a perforated
aluminum forging with a diameter of 38.5 inches and varies in thickness from 4.12 inches at the
edge to 6.0 inches at the center. The tie tubes are attached fo the core support plate. The
importance of the core support plate arises from the function it serves in the event an Auxiliary
Thrust System (ATS) is utilized (Section 6.3). If an ATS is used, it could be applied
in such a direction that all thrust loads will be borne by the dome end of the reactor, and the
core support plate would become the primary load bearing component. In the event this

component has overheated to such an extent that it can support no loads, it is to be expected

that fuel elements will be ejected from the dome end of the reactor upon ATS application.

* The core is coolest at its exit end, thus the last springs to fail will be located here.

Springs at the core midplane (the hottest section) will have failed earlier.

NI . . : . —
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Figure 6-6 shows typical post-operational temperature responses for the NRX core
support plate. Since this plate is relatively thick, a large temperature gradient across it is
expecied. Therefore, the analysis considered the plate to consist of four axial sections of
equal dimensions and calculated the temperature responses of the four sections. The tempera-
ture histories for these regions are shown in Figure 6-6.

On the basis of these histories, it is apparent that core support plate failure will
occur, since aluminum can support no lood after it reaches a temperature of 1260°R. For
purposes of identifying the maximum time that the core support plate could be effective in
providing support to the core assembly, it has been assumed that this limit is reached when
the section of the plate nearest the core (location 4 in Figure 6-6) has actually reached the
melting temperature (1680°R) and when locaticn 3 has reached 1260°R. When this occurs,
the remainder of the plate is at very high temperatures and can support little or no applied
loads.

Figure 6-7 shows the temperature of location 3 as a function of time after loss-of-
coolant, for several operating periods ranging from 63 to 1450 seconds. Examination of this
figure shows that the support plate can serve as an effective structural member for a maximum
of 550 seconds after los. -of-coolant in the case of a 63-second operating period. For a
1450-second operating period, the plate will be capable of supporting loads for only about
150 seconds afier loss-of-coolant accident,

Besed on the above thermal analyses, it appears that an NRX reactor will
disassemble rapidly after a loss-oi-coolant accident, Moreover, it appears that ATS can be

applied cnly during the time period shortly after the accident occurs.

6.1.1.2 The NERVA Reactor

The NRX just discussed will be utilized only under ground test conditions. The actual
flight reactor is designoted as NERVA; this reactor, presently sized ot S000 Mw, isbasically quite
similar to the NRX modei in overall design concept. However, several of its design features are
quite different from those of the NRX, and as a result, the post-operational thermal response

of NERVA may be substantially changed from that for NRX.
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The post-operational heating responses were evaluated using POST-OPm,
an advanced version of NOFLOW. The basic reactor model used in the NERVA heating
analyses is shown in Figure 6-8. The heat transfer modes are, in general, identical with
those considered for NRX. However, in the case of NERVA, the iateral support system was
subjected to a considerably more detailed thermal examination.

In order to assess the effect of post-operational heating on NERVA integrity, the
thermal response of the core support systems will be considered first. As in the case of NRX,
NERVA is provided with two core support systems. The axial system consists of counterflow tie
tubes attached to the core support plcte and extending the length of the core, The tie tubes
are cooled by a flow separate from that of i. remainder of the reactor. (This flow system is
described in Section 5.1 of this report.) While detailed analyses of the thermal response of
these tie tubes have not yet been performed, it is felt that the NERVA tie tubes will also
melt soon after foilure.(4)

The NERVA lateral support system has been considerably changed from that which
was used in the original NRX design. In the NERVA design, lateral support forces are trans-
mitted to the core by segmented graphite seals acted on by graphite plungers which are in
turn supported by Inconel springs recessed into the beryllium reflector structure. Axial motion
of *'.e seals is restricted by graphite spacers inserted into the inner surface of the beryllium
reflector. Heat transfer from the spacers tc the reflector is retarded by a layer of pyrographite
tile or cloth resting between the surfaces. Figure 6-9 illustrates the design of this lateral
support system. The heat transfer model used in the heating analyses is shown in Figure 6-10.
In these analyses it was assumed thct the temperature of the Inconel spring was identical with
that of the beryllium reflector.

Post-operational heating analyses of the NERVA model indicates that the lateral
support system of this reactor will be capable of supporting loads for substantially longer
times after failure than will its counterpart in NRX, The effective lifetime of the NERVA

lateral support system is determined by the lifetime of the beryllium reflector. Based on the

, -
—_— W ww wees wew w U 9F UES

6-17



A IP e -

Astronuclear
Laboratory

WANL-TME-1506

@

Buimoig 214owaYydg - |apoyy 104003y di1sog  'g-9 dunbiy

2-260119
L O B B IR BRI M WA T
| _ | ||| _ 3114 |1
_ A _ _ _ _ ' _ _ 180ddNs L.
_ | | | WO QWIHE 401
$7019 | | _ _ WNNIWNTY WNNIWNTY
+ fo—teouans _ _s:_uu_ + LT + |+ |
NEREEEEEREER RN I
—| T SEREE Sl & s e e O
R T “
_mu,___p E_zm«womxk_/_ _ _ _ _ 1 _ _ | _ _ _
T T E AT S R N B A R ) _ _ _
+NOION + w “ ﬁ . !
L¥OddNS VALV |
B T O |
e | Lol ti _
aokuw,zmm_i::,_t_: _ _ M | l_||_ .-_Ill_'_ S~ _
= ; “
I e B et e ey A B _
Q13IHS ] —
IviH wnNiwnmiy ot 1 | ) 1 1 [ N \ [ ygpee—ar——y ]~
135S3A ANSS3yd [ \ } \ ] [ [ S ) _‘.Im'l'_ [ |
« ININOJWO)D SIHL ¥Od4 QILNdWOD -

S| SIANLVEIAWIL 4O NOILNBIBLSIA TIVIXVY NV
HiVd ¥34SNWEL LVIH SAILVIAVY V SILON3Q ~~tm
HIVd ¥34SNVIL LV3H JAILONANOD Vv SILONIQ ———

A

6-18

L



“' 191 TO"ET
N Sa Y R

@ COMBINED REI

rc rb

LATERAL SUPPORT spaunc\.
R

PLUNGER PIN )

T T T Il . N L
) T - - —_—— = [PRUR—
T —
- - - - [ —

_ REACTOS

T ——————— - e e e —

LOAD RING




TWrYTIA Astronuciear
Laboratory
WA NL-TME-1506

JINED REFLECTOR

|
L |
— XA y I
= — 3
'
| S — |
 — — |
L - , !
. {(_ — =, ;
! e | |
- - -E === ’ =

NS A T A

) U
1
: o —
! » —
REACTOR CORE \ 7 T
LlNNER SEAL RING ss'c:oo
- OUTER SEAL RING |
e — sa00 .
wcrom 4 !

Figure 6-9. NERVA |l Loteral Support System Hot Periphery Concept - Elevation



BLANK PAGE



Astronuclear - : —
Laboratory Cvivrmorivien . N ——
WANL-TME-1506

+ AN AXIAL TEMPERATURE DISTRIBUTION 1S COMPUTED FOR THIS COMPONENT
~s—————— DENOTES A CONDUCTIVE HEAT TRANSFER PATH
~a—~_~~ DENOTES A RADIATIVE HEAT TRANSFER PATH
FILLER STRIPS BERYLLIUM REFLECTOR

o

PYROGRAPHITE
TILES

CORE

0L L)/
7

AP P\ CRAPHITE
'// PLUNG ER /%
73

//
«\ N,

PYROG RAPHITE NI/

-, AT

BTTAW W W E W PR W W W P AP AT VAV A AT AT ATATY P LTL.TATAVAT.VAYAYAVAYA AR A AP P .. W.V. V. Pa"AVaYAA 0™ @ @
rr 22l

=

Figure 6-10. Heat Transfer Mode! for Lateral Support Region for NERVA Reactor

611092-38

tv"- W ——— -

6-20



LT S w—

 ,MAIFIFAPAMT. a2 Astronuclear
— . : Laboratory

WANL-TME-1506

WANL Materials Manual, this component will have a tensile capability of 1000 psi up to
1960°R and of 500 psi up to 2250°R. An estimate of the bundling force in the reflector due
to the core lateral support system is 400-500 psi. Thus, a measure of the effective lifetime
of this system can be defined as the length of time after loss-of-coolant required for the
beryllium reflector temperature to reach 2250°R.

Based on these criteria, it was found that for a 30-second operating period, the
lateral support system would survive at least 40 minutes and, perhaps indefinitely after loss-
of-coolant. For a 500-second operating period, the suppert system would endure at least
20 minutes.

d(s) the core support plate region in NERVA would be quite

As originally conceive
similar in locafion and design to that in NRX. Thermal analyses indicated that the effective
lifetime of the support plate in the two reactor designs would be essentially identical, For
the 30-second operating period, the support plate would last about 600 seconds after loss-of=
coolant. For 500 seconds operation, it would last 135 seconds.

In an attempt to prolong the effective lifetime of this component a thermal
analysis was conducted on a postulated design in which the positions of shield and core support
plate were interchanged. It was found that this design arrangement can prolong the effective
lifetime of the core support plate to 435 seconds after loss-of-coolant,

As a result of these analyses it appears that the NERVA reactor, as presently
conceived, will maintain integrity for relatively long periods after loss-of-coolant. In fact,
if failures occurs early in the reactor operating period, core integrity may be maintained until
such time as the reactor encounters the high aerodynamic loading and heating rate- associated
with re-entry. (This subject will be discussed in the subsequent section.) As far as ATS is
concerned, it appears that some design modifications may be required to make the reactor

capable of withstanding the loads associated with application of this countermeasure, Such

modifications appear to be within the framework of present design concepts.

6.2.2 Re-Entry Behavior

If the reactor survives the effect of post-operational heating, it will eventually

re-enter the Earth's sensible atmosphere where it will be decelerated and undergo the
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combined effects of aerodynamic loading and heating. It is quite possible that as a result

of these effects, reactor disassembly will be accomplished.

6.2.2.1 NRX Re-Entiy Vehicle Definition

To evaluate the effect of re-entry forces on the integrity of the spent reactor its
re-entry trajectory must be examined. This requires a mechanically and structuratiy well
defined re-entry vehicle, which is, preferably, aerodynamically stable. Such a vehicle
was defined for the NERVA engine(q) system, [t consisted of the entire reactor assembly, the
entire pressure vessel (dome and cylinder), and the nozzle assembly including the skirt, but had
no external piping or fittings that protruded (beyond the diameter of the pressure vessel dome
flange, and there were no other engine systems external to the reactor assembly).

Figure 6-11 shows a model representation of this re-entry vehic's, The NRX
reactor served as a guide in defining this configuration. Testing of this model in a hypersonic
wind tunnel demonstrated that the pictured re-entry vehicle is in fact aerodynamically stable.
Therefore, this vehicle was selected for the re-antry analyses which are summarized in the
following paragraphs. This configuration will henceforth be referred to as the NRX re-entry
vehicle or the NRX R/V, In order to obtain such an R/V some separation mod= must be
defined, but presently, such definition is lacking; however, it is assumed this will yltimately
be supplied by the flight system/engine contractors. For the purpose of the following discussion

it is simply assumed that separation can be accomplished to produce such an R/V,

6.2.2.2 NRX Re-Entry Analysis

In order to assess the effect of re-entry loading and heating on the R/V, it is first

necessary to evaluate the vehicle's trajectory. Moreover, this trajectory analysis must
consider not only the translational motion of the vehicle but also its rotational motion about
its center of gravity. This analysis requires the use of a six-degree of freedom trajectory
program, Such programs were utilized in the analysis of re-entry behavior of the NRX
R/V(lo' ”). However, even before such analyses can be performed, it is necessary to

define a number of initial conditions which will play a large part in influencing the R/V's
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entire re-entry trajectory (i.e. conditions at time of failure). These conditions are: ailtitude,
velocity, re-entry angle, vehicle roll rate, vehicle yaw rate, and vehicle pitch rate. The
latter motions, i.e. yaw, pitch, and roll are expected to occur when the R/V is separated from
the remainder of the nuclear stage.

In the re-ertry anolyses performed as part of the NERVA flight safety effort, two
sets of initial fuilure conditions were examined as a function of different initial yaw, pitch,

and roll rates, and are summarized in Table 6-1.
TABLE 6-1

INITIAL CONDITIONS EXAMINED IN NRX R/V RE-ENTRY ANALYSIS

Case 1 Case 2
Geodetic Altitude 646,792, 8 ft. 399, 083 ft.
Inertial Velocity 23,743 ft/sec 25, 682 ft/zec.
Path Angle +0, 226 degrees -0. 066 degrees

Case 1 corresponds to the type of initial re-entry conditions which a vehicle will
experience in the event of failure during a sub-orbital start trajectory; Cuse 2, corresponds
to the type of re-entry conditions experienced in the event of un orbital failure.

Table 6-Z notes the altitude at which the R/V will stabilize, i.e. cease rotating
about its center of gravity, under the initial conditions described in Table 6=1 and under a
variety of initial tumbling conditions.

Table 6-2 indicates that for a vehicle tumbling relatively rapidly, stabilization will
be achieved below 300,000 feet, Since the NRX reactor will have lost both lateral and
axial support shortly after lossof-coolant (Section 6,2.1.1), it is to be expected that almost
complete fuel element ejection will occur before the R/V is sfabilized(é). This observation
is particularly true for orbital failures where a vehicle may spend from days to weeks in orbit
prior to re-entering the Earth's atmosphere. !n this case even if a vehicle is tumbling very

slowly, element ejection is almost a certainty prior to re-entry,
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TABLE 6-2

——)

PREDICTED STABILICING ALTITUDE AS A FUNCTION OF INITIAL
RE-ENTRY CONDITIONS AND SEPARATION DYNAMICS

Rotational Rates

Stabilization

Altitude
Failure Case Re ference Pitch Yaw Roll (feet)
} 10 25 25 25 270,000
10 50 50 50 270, 000
11 25 0 0 260, 000
2 n 1 1 1 345, 000
10 25 25 25 280, 000
10 25 0 0 280, 000
1 25 0 0 270, 000
n 1 1 1 320, 000

For the NRX R/V, early ejection of fuel elements during re-entry can be avoided

only if vehicular tumbling is prevented. One means of preventing such tumbling is to spin

stabilize the R/V subsequent to failure and separation. In such a case, disassembly is not

anticipated until the R/V encounters maximum heating and loading. An analyses of the

re-entry behavior of an R/V so stabilized, has been performed. The initial altitude, velocity,

and flight path angle examined in this spin stabilized analysis correspond with those for

Case 1 in Table 6-1. The initial pitch rate was assumed to be O degrees per second, the yaw

rate to be -5 degrees per second, and the roll rate to be 360 degrees per second. The

probable disassembly sequence is described in Reference 11 and is quoted below:

"At 106, 000 feet, the forward flange region on the windwerd side has
melted and since the conduction of heat is very high in aluminum, and since the
vehicle is spinning, it is expected that the melting will burn the pressure vessel
through oft of the forward flange and failure will occur at 106, 000 feet, The
viscous shear forces acting counter to the inertial forces will separate the pressure
vessel from the remaining machine., One modif’'zation that might aiter this event
is a possible asymetric burning on the very aft nozzle station (not examined in
this study) which would cause a very large oscillation (flat spin) and cause

o wh
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maximum heating to shift back on the center of the pressure shell. In any event,
the shell will definitely burn through, but the burn through at the forward flange
will cause an earlier disassembly because of the proximity of the dome end
support ri~.g and core support ring to the hot boundary layer gas following loss of
the pressure vessel. Both of these rings are 0. 1 inch titanium, and once the
pressure vessel opens this area to the peak heat flux, these rings will heat and
fail thermostructurally in @ matter of seconds. At almost the moment the burn
through occurs on the flange area, the dome closure at the front of the vehicle
will me!t and be collapsed by the air sads back over the small air gap onto the
shield assembly. The shield assembly will transmit the entire airlood onto the
core support ring which will tend to buckle about the same time the support
plate is exposed to the hot gases of the boundary layer. These phenomena,
together with the tremendous positive shear and bending moments, will tecr the
whole front end shield assembly loose. The moment the dome end support ring
and core support ring fail, the outer beryllium reflector will come loose. This
will completely expose the core. The burnup and failure should be complete at
95,000 feet. At this time in the trajectory, the re-entry vehicle will have
passed through the peak heating and deceleration loads and the core elements
will not be subjected to any significant ioads. There wiil be some additional
heating. The core, however, has reached very high temperatures and practically
all the hardware supporting the core has failed (i.e., tie rods, lateral support,
oluminum barrel, etc.) and the whole machine should disperse at 95, 000 feet cs
a cloud of pieces of varyiny size. "

It appears that in all cases disassembly of the NRX R/V will occur either prior to
or during re-ertry. The resuiting radioactive debris will consist of fuel elements, A descrip-
tion of this debris and its distribution is given in Chapter 7.0, and a summary of the types of

radiological doses associated with it is given in Chapter 8.0,

6.2.2.3 NERVA Re-Entry

At present the NERVA re-entry vehicle has not been defined, ana thus, re-entry
analysis could not be performed. However, because of the longer endurance of the NERVA R/V
lateral support system, °t+ is expected that its disassembly behavior will differ consiaerably

from thet of the NRX R/V.
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6.3 AUXILIARY THRUST SYSTEM (ATS)

The purpose of an auxiliary thrust system is to provide controlled disposal of the
radioactive nuclear engine by utilizing some means of auxiliary thrust to perform either a
retromaneuver to insure deep ocean impact, or a thrusting action to boost the system into a
long-life orbit. In this context, the auxiliary thrust system encompasses all components and
functions involved in the disposal of the aborted nuclear engine or stage. The application of
an ATS as an acceptable countermeasure is based on the following two assumptions: (1) The
rodioactive nuclear engine system can be disposed of in deep ocean waters with no adverse
radiological consequences to man (disposcl by retromaneuver), and (2) If sufficient ti- e is
allowed for radioactive decay, the consequences of re-entry of debris of nuclear systems
would be of the same degree as that for debris of non-nuclear systems (disposal by boosting
maneuver),

Conceptual auxiliary thrust systems for NERVA application heve been investigated

(12)

by the Lockheed Missiles and Space Company' “’, Their studies included irvestigation of the
feasibility of ATS for safe disposal of fai'ed nuclear stages, investigation of effects of vcrious
parameters on safety perfcrmance specifications, development of a conceptual ATS design for
NRX and NERVA sized nuclear stages, and analysis of ATS performance for these proposed
flight mission models A summary of the results of their studies is presented in the following
paragraphs.

6.3.1 System Requirements for ATS

To accomplish the goal of safe disposal, the ATS must have, in addition to the
basic means of providing thrust to the stage or engine, the following characteristics and system
functional requirements: high system reliability, attitude reference sensors anc attitude control
system, command and communication equipment, a meansfor separation of nayload, anda means
for controlled dumping of nuclear engine propellant. The auxiliary thrust requirements are
discussed in Section 6. 3. 2; other characteristics are discussed below.

6.2,1.1 System Reliability

If the ATS is to be considered a primary safety countermeasure system, it must have
a high system reliability comparable to the reliability required of the other prime counter-

measures (such as an explosive destruct system), The reliability requirement is directly

- amma 4 a.
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determined by the level of risk acceptable for nuclear stage operations. As an example of
reliability for a safety system, that specified for the Polaris destruct system is 99. 9 percent
reliability during flight. At present it appears that this reliability value is higher than can
be presently met by certain of the ATS components.

To attain the necessary reliability, careful use of redundant design and perform-
ance capability is required. The ATS system will contain many components, failure of any
one of whick may cause loss of the system. Failure evaluation or malfunction analysis will be
useful 1n determining system reliability. The use of redundancy for selected critical components
can be so arranged as to increase the overall reliability. However, redundancy cannot be used
for all components because of weight penalties introduced or because of the functional nature
of the equipment, But with careful analysis of all potential failure modes of equipment and
if failure putterns can be predicted with a high degree of certainty, it seems likely that the
reliability requirements for an ATS system can be ultimately met.

6.3.1.2 Attitude Reference Sensors and Control Systems

It is important that the errors in the predicted ocean impact location (for retro
application)or the errors in the predicted orbit lifetime (for boost application) be held tc a
minimum for successful use of ATS. To insure accurate disposal, it is imperctive that the
thrust system be oriented correcrly at time of firing a4 kept on course during the firing. Thus,
some form of attitude reference and controi must be provided in order to aim the system correctly
before firing. If the ATS is applied to the entire stage, the existing contro! system can be vsed
for this purpose. However, if an "engine only” configuration were to be used, it would be
difficult to provide a separate attitude control system due to space limitations and high radio-
tion environmert. LMSC investigated applicability of spin stabilization to the NERVA (Mw)
"engine only" configuration as an alternate means of controlling impact location. At a spin
rate of 10 radians/seconds due to thrust misalignment, loads due to acceleration at the engine
periphery would be 10.9 g and ot the ATS thrust motor center of gravity, 10.6 g. Because of
these high loadings, and the likely increase in dispersion of the fuel elements upon ultimate
break-up of the re-entering engine, it appears thot spin stabilization is not promising for

reliable ATS operation,

Yy
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Any error in the velocity of the nuclear stage from that programmed for the con=
trolled impact point may introduce a significant dispersion. Velocity errors could arise as a
result of incomplete propellant dumping, unexpected lcss of engine hardware, failure or off-
design performance of one of the ATS rocket thrusters, etc. Thus, it is necessary that velocity
sensing equipment be included, as well as a method of terminating the thrust when the desired
velocity increment (retro) has been added. Thrust termination would probably not be used in
the event of boost operations since any velocity increment added above that to satisfy minimum
orbit lifetime requirements would increase the lifetime, thereby adding to the sofety of the
disposal.

6.3.1.3 Command and Communication Equipment

The requirement to maintain continuous knowledge of the location and behavior
of the nuclear stage, and the capability of transmitting commands to the vehicle during all
phases of powered flight is obvious. The selection and plonned use of the ATS will be influenced
by the characteristics of the Ground Communicatien and Tracking System (GCTS) available for
the support of nuclear vehicle missions. The GCTS established for the Apolio program with
appropriate modifications would probably be used for ground support of nuclear rocket flight
missions. For proposed sub-orbital start missions, it appears that for the critical time periods
when thrust failure would result in African impact and use of the ATS would be required,
existing GCTS stations are out of range of the vehicle and mobile ground stations would be
required for satisfactory communications and actuation of the ATS,

6.3.1.4 Payload Separation

Separation of the payload prior to initiation of the ATS is desirable. Separation
reduces the weight to be accelerated by the ATS and permits separate recovery of a manned
system and/or experiments, If the payload were not separated, the payload propulsion system
could possibly be used in conjunction with the ATS to provide auxiliary thrust. However, the
payload propulsion module may be insufficient as the only thruster, and addtional ATS rocket
motors might be required. These motors must be mounted externally, which results in maximum
heating and drag. Thus for the conceptual AT3 design as proposed by LMSC, the payload was
assumed to be <eparated prior to ATS firing.

. i FASm e - — E—
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6.3.1.5 Controlled Dumping of Hydrogen Propellont

Dumping the nuclear stage hydrogen propellant prior to firing of the auxiliory
rocket motors is desirable tc reduce the mass of the re~entry vekiale, If this propeliont were
dumped in a controlled manner so that the escaping hydrogen gos or liquid could provide
usable thrust, the size of the ATS rccket motor could be reduced, thereby effectively reducing
the weight penalty,

LMSC has examined the propulsion copabilities of the hydrogen as o mono-
propeliant both in the cold gas and liquid form, Venting the cold gas through an optimum
nozzle yields o specific impulse of 76 seconds for inlet conditions of 40°R ond pressure bitween
10 and 42 psia. For o lightly insuloted propellant tank, hydrogen boii-off rate in orbit has
been estimated at about an average of 950 pounds per hour. Bosed on this flow rote and on
lsp = 76 seconds, a thrust of 20 pounds could be generated., For an orbit start mission of an
NRX sized engine with continuous thrusting until the supply cf hydrogen was depleted, o total
AV of 2000 feet per second, o1 more, could be applied to the nuclear stoge. A disadvantage
of such centinuous thrusting is that most of the thrust would be applied at other than an optimum
positiun in the orbit, and continuous pitch plane orientation would be required from the attitude
control system, Pulsing the cold gas ot the optimum trajectory point (opogee) would provide
more efficient use of the AV to gain maximum orbit lifetime. The use of a cold gas system
would not be useful for failures from sub-orbit starts, because of the low acceleration rates
obtainable, and the short orbit lifetime ot time of failure. However, even for boost operations,
the cold gas propulsion does not appear to be practicable. Current efforts on propellant tank
design emphasize a super-insulated, double-walled tank with the objective of minimizing hydro-
gen boil-off. Thus, the thrust actually available from boil-off would, in fact, be appreciably
less than thut mention.d above. Consequently, this approach for utilization of the hydrogen
propellant holds little merit for a practical ATS system.

The venting of the liquid hydrogen provides a lower total impulse than the gaseous
hydrcgen. However, the large mass of liquid hydrogen available and the short action time
make it desirable for both orbital a.'c sub-orbital applications. For this application, the pro-
pellant is positioned in the forward end of the tank by application of a ullage thrust, A

‘. WY v - (,-T- “ - -
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24-foot diometer round hole in the center of the tank dome is then opened allowing the liquid
hydrogen to be expelled followed by gaseous hydrogen under o decaying pressure gradient.
LMSC(”) hos calculoted the flow rates, thrust, and specific impulse for both the
liquid and goseous phase venting, ond computed the AV ottainable os o function of failure
time for several hypothetical flight missions for N®X and NERVA size reactors. Figure 6-12(‘2}
gives the AV impulse to the nucleor stage from propellant dump for various failure times follow-
ing orbit startup of an NRX sized engine for o lunor tronsfer mission (" Mission Model 1", see
Section 8. 2 for o summary description of this mission.) Figure 6-—13“3) shows ¢ similor curve
for a vehicle powered by the NERVA (5000 Mw) engine on o flight missior. of direct oscent to
@ 72-hour lunar injection. Total time of venting the hydrogen depends on failure time and will
be in the range of 1 to 3 minutes for the case of Figure 6-12 and obout 2 to 4 minutes for the
case of Figure 6-13, As will be shown in Section 6.3.3, the AV impulse provided by propellant
venting for early failure times provides better thcn one-half of the total AV required for suc-
cessful ATS operation for the three flight missions described in Section 8. 2.
6.3.2 ATS Conceptucl Design

Several ATS system concepts which utilized either liquid-propellant systems or
solid-propellont systems were explained. Only rocket motors which were presently operational
or those late in their develcpment stage were considered. Only lO)(/LH2 liquid propellant
propulsion systems were comnsidered because of their higher specific impulse.

(14) showed that it would provide adequate

Examination of the Saturn S=VI stage
AV capability for the three flight missions analyzed (Section 8.2). This stage contains
opproximately 21, S00 pounds of propellant in three tanks and is powered by two RL=10A3 rocket
engines. This stage could be used as part of the payload for certain nuclear vehicle configu-
rations, in which case its use would not represent a payload loss. Because of the placement
of the S-VI stage on top of the NERVA propellant tank, propellaont dumping was not considered.
Because of its restart copability, the S-VI stage could be used for both nuclear stoge retro
deceleration and then following separation from the SN stage, restarting of the S-VI engines
for payload recovery.

An alternate liquid-propelled ATS module was examined, based on a scoled down

version of the S-VI stage. This system would weigh 9020 pounds and be positioned so as to

p—
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dispose of the SN stage only, with no-propeliont dumping. Detailed anclysis of this system
was not performed, but the 4V volues appeared adequate for successful disposal.

A survey of available solid propellont rocket motors was mode based on their
specific impulse, weicht, burning time, ond size. Analysis of the 4V requirements indicated
that o AV of 200 tc 250 fps would be adequate if the impulse available from dumping the stage
liquid hydrogen were used to augment the ATS motors. To increase reliobility, several rocket
motors would be used so that o "one-engine-out” capability could be built into the system,
Eleven of these motors appeared to meet the basic ATS requirements. Further analysis of the

copabilities of these eleven, led to the selection of the two solid propellant motors shown in
the table below:

Propellant
Ballistic Other CPIA Weight Avg. Thrust Burn Time Voc! Weight
Nomenclature Designations Unit No, (Ib) (Ib) (sec) (Ib-sec/lb) Froction Application
24 DS 5850 XM-94 415 573.0{ 5888 24,0 281 0.877 | Scout Faurth
X25881 Stage
9.15 DS 5770 | BE-3A4 414 2141 | 5770 9.15 276 0.892 | Athena Fourth
Stoge

The weights include allowances for mounting structure and thrust termination devices.

The final conceptual design chosen for the ATS utilized the above solid rocket
motors, with thrust augmented by controlled venting of the liquid hydrogen nuclear stage
propellant. Solid propellant rocket motors were chosen over a liquid propellant system on
the basis of their high individual reliability, fast thrust rise time, and insensitivity to stage
orientation and zero-g environment. Although liquid rocket systems can be made equally
reliable, they require more complex plumbing and instcllation, and are not as easily canted
in the event of an ATS engine failure.

The ATS rocket motors are mounted around the inside of the SN-stage instrument
unit as shown in Figure 6=14, Each motor is swing mounted on a bracket, with the thrust
vector aligned parallel to the vehicle centerline. If any motor fails, the opposing motor

can be canted to direct its thrust through the cg of the accelerated mass. For this reason,

. 5.
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only even numbers of motors are used; if odd numbers were considered, two motors would have

to be canted to compensate for one engine out.

The ATS concept shown in Figure 6-14 is applicable only for o specific mission:
o 100 nm orbit start lunar mission utilizing a NERVA - NRX sized eagine ("Missicn Model [*,
Section 8.2). The number of rocket motors required and the resulting AVimpulse gained by use

of these mo*ars for all three mission models described in Section 8.2 are summarized in

Table 6-3. TABLE 6-3
AV CAPABILITY OF ATS SOLID PROPELLANT ROCKET MOTORS
AV Av AV
Mission Rocket Motor Number Installed All Motors One Motor Two Motors
Model CPIA Unit No. Required  Weight (Ib)  Firing (fps) Out (fps)* Out (fps)
| 416 6 1146 238 198 159
1l 416 8 1793 258 225 193
It 415 6 3588 325 270 215
m 416** 6 1146 123 103 75

® Design condition
** Alternate configuration for disposal into long-lived orbit only

6.3.3 ATS Safety Analysis

6.3.3.1 General Considerations

The use of an auxiliary thrust system to provide controlled disposal of a failed
nuclear stage appears feasible utilizing the LMSC conceptual design for the ATS system.
Analyses have been made for the three mission models (Seciion 8. 2) to calculate, as a func-
tion of failure time, the ocean impact points for retromaneuver disposal and the orbit lifetime
for a boost maneuver. The accident model chosen for these analyses was a loss-of-coolant
without reactor disassembly until after completion of ATS application. It is then assumed that
non-violent disassembly (0. 0AV) occurs immediately ofter the ATS function, An intact fuel
element is chosen as the reference size of core fragment upon which the impact locations or

orbit iifetimes are based.
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For calculoiion of the ability of the ATS to provide satisfactory disposal, a new
ATS Chain Link was written for the | MSC Nuclear Flight Executive Program“z). The progrom
evaluates whether safe disposal can be accomplished by utilization of the basic parameters
involved in ATS application such as AV capability, moximum and minimum coast time before
application of thrust, maximum probable eriors in velocity, and flight-path angle due to ATS
thrust and alignment eriors. The program operates by first calculating the maximum orbit life-
time of the nuclear stage that can be achieved with the on-board AV capability, with the AV
applied ot the coast orbit apogee. [f this orbit lifetime (for a single fuel element) is less than
a reference lifetime (chosen as 200 years for the LMSC analyses), the program then searches
for a satisfactory ocean impact disposal location, The impact dispersion, defined by the dis-
tance between the undershoc* and overshoot from the nominal impact location due to the maxi-
mum probcble errors, is calculated ond compared with acceptable deep water ocean areas. If
the disposal area is not acceptable, the retro conditions are altered and the problem is re-run
until an acceptable impact area is found. If no ocecn utsposal can be achieved, the A™"
countermeasure would be considered ineffective for ocean disposal at that failure time. For
those failure times in the mission trajectory at which the ATS is capable of boosting the stage
to on orbit where fuel element lifetime exceeds the reference lifetime set in the program (200
years), ocuan disposal locations are not determined. The following sequence of operations

shown on the next page is typical.

The actual time for tank venting and vehicle alignment will vary with each mission
model and with the failure time. For the LM3C analyses, a coast time of 60 seconds was
selected as a nominal value of the eiapsed time between failure and initiation of propellant

dump.

2
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Function Estimated Time (sec)
Failure event 0.0
Detect and identify failure 6.0
Select disposci mode and transmit coarse align-
ment data 4,0
Orient stage (transmit fine alignment data during
this period) 20 - 100
Separate payload 10
Apply ullage thrust 10

Vent SN stage propellant {monitor vehicle
behavior and transmit final velocity require=-
ment just prior to end of vent period) 60 - 180

Fire ATS rockets 10

6.3.3.2 Use of ATS for Controlled Ocecii impact
The ATS Chain Link was used to evaluate the capability of the ATS conceptual

design to provide controlled ocean disposal by retromaneuver for the three selected mission
madels of Section 8.2, The results of these analyses are summarized in Tables 64, 6-5, and
é-6. For Mission Model 111, the larger of the two ATS designs (270 fps + propellant dump
impulse, Table 6=3) wc' used since the smaller design is inodequate except for orbital disposal.
The tabulated results show that each ATS design is ccpable of safe ocean disposal
of the failed stage up to a fail time where a fuel element orbit lifetime of 200 years or greater

can be obtained by boosting the stage ct apogee. These analyses assume that sufficient time

is available before reactor disassembly tc permit coasting to apogee or beyond. It was shownin

Section 6. 2.1.1 that under loss=of~coolant conditions for the NRX reactor, tie rods melt within

30 seconds and the lateral support system fails within about 160 seconds leading to reactor
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disassembly shortly thereafter. The lateral support system of the NERVA (5000 Mw) reactor,
based on the present conceptual design, may survive for periods up to 20 minutes or longer
following a loss-of-coolant accident { Sectic- 6.1.1.2). The ability of the NERVA reacior
system to maintain its integrity under the thrust forces of the ATS as a function of time ofter
the loss-of-coolant accident has yet io be determined. However, for the NRX design, it
appears that ATS disposal would be unsatisfactory for times later than 200 seconds following
the loss-of-cooiant accident. Thus it can be seen that only for a very early failure time in
the case of an NRX orbit start mission { MM 1}, will ATS be satisfactory for ocean disposal.
For the sub-orbit portion of Mission Mode!l 1l (NRX reactor), the ATS could be used for ocean
disposal with delay times !imited to stage orientation and payload separation events except
for those times when approaching orkit injection {fail times later than 1150 seconds).

To insure successful use of ATS following o loss-of-coolant accident, integrity of
the reactor must be maint-ined up to and during the time of application of the guxiliary thrust-
ing action. Integrity ccn be improved by mcdifying the reactordesign, or by providing emer-
gency cooling. The use of such coolingwill cffect ATS systemby the thrust resulting from the
coolant flow. Velocity increments of the magnitude antizipated from core cooling will not
materially offect the ability of the ATS to safely dispose of the stoge, but will have definite
effects on the coast trajectory and must be accountea for to minimize dispersion. Furthermore,
since the coolant thrust is in opposition to the ullage thrust required for propellant dump, all

coolart flow must be stopped prior to propellant dump initiction.

6.3.3.3 Use of ATS for increasing Orbit Lifetime

For orbital disposal, the ultimate locatic~ at which the debris will impact is not
predictable, and therefore it is essential that none of the re-entering fragments have sufficient
fission product activity to cause a significant level of exposure. The acceptable activity

12

lavel for an impacting element has not been quontitatively established. LMS has con-
sidered that an acceptable level would probably be less than 1 curie but greater than 0.01
curie.

The orbit lifetime obtained by ATS boost and the rejuired decay time iar the
activity to drop to the reference level of 0.01 to 1.0 curie cre shown in Figures 6-15, 6-16,

and 6-17 for the three mission models., The advantage of ccast time {up to the apogee point}

7‘“-.--~ [ ) - . - —
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before firing the ATS on gaining longer orbit lifetime is illustrated in Figure 6-15. Thus,
applying the ATS boost at the point of failure in Mission Model |, gives about twice the orbit
lifetime of a fuel element had no ATS boost been applied. (It is assumed the intact stage is
boosted, followed by disassembly with re-entry of elements of orbit lifetime as shown in the
figures). However, if ATS boost could be delayed until apogee (a delay time of about 2600
seconds), the orbit lifetime cculd be increased by a factor of at least 50C, insuring a final
impact activity of less than 0,01 curie /element for all but the earliest failures. Thus, the
importance of reactor integrity following a loss-of-coolani accident can be seen if ATS is to
he useful fcr boosting to long-lived orbit.

For Mission Model |1 (Figure 6-16), it can be seen that during the sub-orbital
portion of powered flight (up to 1167 seconds failure time), ATS boost is not particularly
successful; even with AT, boost at apogee, the impact activity will be greater than 0.1 curie
per element. However, for the orbital restart portion of powered flight, ATS boost will yield
results similar to those of Mission Model |. For Mission Model 111, ATS boost is needed only
during the first 80 seconds of operation in order to insure that the impact inventory will be

less than 0,01 curie per eicment,

———— E——— —— - -
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6.4 EXPLOSIVE DESTRUCT

The use of a reactor destruct system os a safety countermeasure has been
considered from the inception of the ROVER Flight Safety Program. Of the various destruct
systems considered, the use of high explosives to disassemble the core has probably received
the greatest attention. Early in the ROVER Program many experimental studies were conducted
to determine the feasibility of explosive destruct, to investigate basic information on core
fragmentation, and to evaluate suitable ordnance hardware. A summary of these experiments

(ls)cnd is not presented here. However,

was included in an earlier NERVA Source Term Report
this section includes a summary of the recent work directed toward the design of a conceptual
in-flight explosive destruct system and describes the results of safety analyses based on data

obtained from recent destruct experiments.

6.4.1 In-Flight Destruct System

The definition of a conceptual design for an in-flight explosive destruct system
was performed by Picafinny Arsenol(lé)cmd is summarized in this section,

The following ground rulss were formulated in establishing a conceptual design for
an in-flight destruct system; they are based on the premise that satisfactery fragmentation of an
NRX-sized reactor could be accomplished.

1. Four, 25-pound HE (high explosive) charges are required.

2. These charges must be equally spaced throughout the core.

3. A 105-mm projectile is adequate to hold the 25-pound charge.

4, A muzzle velocity of 1000 fps is required.

5. The four projectiles must be capable of defeating the target at

an angle of about 36°® from the vertical.

6. The four projectiles must be exploded simultaneously.

6.4.1.1  Overall System Description

The explosive destruct system will be located external to the NERVA thrust
structure system between the propellant tank and the reactor. Four launchers of the closed-

breech type will be mounted on the thrust cone at an angle of 36° to the vehicle axis as

- Ve - o . o .
6-47



Astronuclear St aPAFI®A AT A 2
Laboratory
WANL-TME-1506

shown in Figure 6-18. The destruct package will be activated either by ground command or
b a signal from an internal sensing device. On receiving the signal, initiators in each of the
four launchers will fgnite the propellant and the chamber pressure will increase. When the
chamber pressure within the launcher reaches 650 psi, shot-start rods, which hold the
projectile within the launcher, will rupture,and at this time the projectile will begin to move.
Simultaneously, recoil -absorbing materiol (a metallic honeycomb) located behind each
louncher tube will begin to crush and collapse, allowing the tube to recoil. Pressure within
the chamber will continue to increase until it reaches a maximum of 29,100 psi. The
pressure will gradually decrease, and at 15,000 psi the projectile will leave the muzzle.

At this time the projectile will have traveled 53 inches and will have reached a velocity

of 1000 fps. The launcher tube will have recoiled 27 inches and will have ottained o
velocity of 250 fps. As the projectile moves forward, a firing wire unwinds from a bobbin
located either at the launcher or the projectile base. When the projectile penetrates the
reactor to a proper depth, an electrical signal will detonate the four charges simultaneously.
In addition, a final fuzing system has been included in the design. This will function at a
specified time after projectile firing and will detonate the projectiles before any projectile
can pass completely through the reactor core. It will function regardless of the performance
of the other systems. The total weight of the system has been estimated to be approximately
1500 pounds.

6.4.1.2  Component Description

Explosive selection, The selection of a particular explosive for the proposed

destruct system depends to a large extent upon the capability of the explosive to resist the
radiation effects associated with neutron fluxes. Tests were performed on a variety of
explosives subsequent to their exposure to neutron flux environments in the GETR or during
KiWI-TNT, The following tests were performed: explosion temperature, melting point,
differentiol thermal analysis, gas volume release, and vacuum stability. As a result of their
resistance to radiation effects, three explosives were selected as the best main charge
candidates in the following order: TACOT (tetranitrodibenzotetraazapentalene), TATB

(triaminotrinitrobenzene), and DATB (diaminotrinitrobenzene). Basecd on its radiation

6-48
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Figure 6-18. NERVA Post-Operation Destruct System
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resistance and thermal stability, TACOT was ultimately selected as the most promising
explosive for a main charge, NONA (nonanitroterphenyl) was chosen as the most promising
candidate for a booster material if one is necessary.

However, because of cost (TACOT costs $275/ib compared to $5.50/1b for DATB),
all preliminary experiments were conducted using DATB, These preliminary experiments
consisted of the preparation of appropriately sized explosive pellets by a press loading
technique. Pellets as large as eighteen inches in diameter and five inches in height were
successfully produced. In the APG-1ll test, which will be described later in this section,
DATB was used as a main explosive charge.

Projectile description. The candidate projectile is a 105 mm - loaded shell

weighing about 100 pounds and measuring 55 inches in length. its nose is similar in design
to an anti -tank shell. The shell nc-2, Lody, and base are all constructed of 4130 steel.,
This particular shell design w.s used in the APG-lil tests which are described later,
The candidate shell was tested to determine its ability to penetrate a simulated
core support plate. Tests at 1000 fps were unsuccessful since the tip of the projectile flattened
on impact with the simulated plate. Motion pictures indicated excessive yaw at impect,
Additional tests were performed with a projectile having o modified nose design and a higher
velocity of 1500 fps; this projectile also failed to penetrate the target material successfully.
Additional tests are planned in which the projectile \wwould be constructed of
MT 1018 steel, and the target would be perforated to resemble the NERVA core support plate.

Propellant description. The propellant and its igniter must also be capable of

withstanding the radiation environments to which they will be subjected. The propellant

IB 7158 (DATB/Polystyrene) was found to be the best in the radiation environment and is

being considered as the propellant in the launching system. Its composition will be optimized,
Both black powder and ALCLO pellets are being considered for igniters,

Lauriching system. The proposed launching tube is a smooth bore cylinder, 111

inches in length. It has a small interior shoulder which serves to hold the orojec*ile in place.
An end cap closes the rear opening, and a shot-start rod holds the projectile tiahtly against
the interior shoulder. The exterior surface of the laurching tube is stepped slightly at a point

near the muzzle to provide a surface which can bear against the front support ring which holds

ST WY W ¥ e < —
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the tube from moving forward. The tube is held from moving to the rear by a metallic honeycomb.

The launching tube is placed inside the guide tube which is o simple cylinder about
133-1/2 inches iong. It has 5-1/4 inch inside diameter and a 135 mil thickness. It is threaded
at its muzzle end where it nates with the front support ring. The middle section of the guide
tube passes through and is welded to the rear support ring. The guide tube is attached to the
thrust structure by means of struts connecied to the front support ring and the rear support ring.

Trail cable. In order to detonate all four shells simultaneously, it has been proposed
that a trail cable be used to connect each projectile with the firing unit. This cable system

has not been developed to date.

6.4,2 Reactor Destruct Tests

6.4.2.1 LASL Experiments
During 1961 and 1962 LASL(W)performed experiments using cylindrical graphite con-

figurations which approximated the KIWIdesigns on a one-third to one-tenth scale model. More
recently, a one-ninth scale test was performed on a ROVER -type fuel cssembly.(ls)This test con-
sisted of 33 ROVER-type fuel elements, 7 inches long, bundled together and placed around a single
axial explosive. The assembly was placed in a 4 x 4 x 4 foot open top detonation chamber
lined with neoprene rubber on three walls and Styrofoam on the fourth wall. The ground

outside the container was covered with polyethylene sheeting to a distance of four feet from

the detonation chamber. Following detonation, the debris within the container and on the
polyethylene sheeting was collected and analyzed.

Particle size analyses were made using standard sieves, supplemented by micro-
scopic analyses of the sieve samples. Loss of fuel beads was determined by counting the
radioactivity of the debris samples with a gamma spectrometer. Selected density measurements
were made using pycnometric methods.

Particles greater than 500 microns were primarily irregularly-shaped parallelenipeds

broken along the axis of the coolant ckannels, The mass median particle diameter of the

fragments based on the sieve analysis was 1125,. The particle size distribution is shown in

—aay .
"AAL
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Figure 6-19. Ten percent by weight of the fuel debris had a diameter of less than 100k;

40 percent by weight had a diameter greater than 2500, (0.1 inch). The confinement of the
detonation chamber may have produced a smaller mass median particle size than a free
dispersal destruct test. This was suggested by samples recovered from the Styrofoam which
had a mass median particle diameter of 2700 4 and did not include many of the fines that

were present in the main samples.

6.4,2.2  Aberdeen Proving Ground Experiments

Two full-scale destruct tests of an NRX-size reactor core have been conducted by
Aberdeen Proving Ground. The first test, APG-II,(W)used in the core mock-up a single 90°
quadrant of depleted NERVA B-4 type fuel, with the remainder of the core constructed
with solid graphite rods. The core was destructed with four 105 mm explosive projectiles,
three of which were statically placed within the non-fueled quadrants; the fourth projectile
was launched from a gun into the center of the deoleted fuel elements. No differentiation
of size distribution of the debris below 1/32 inch was made, which in that test constituted
some 50 percent of the core material.

The best simulation of a reactor destruct ‘hus for is from the June 1965 test ai

Aberdeen Proving Ground, designated as APG-Hlf]é' 20) The test was conducted by APG

(21)

with assistance from the U. S, Naval Radiological Defense Laboratory and the Sandia

22)

Corporation( . A NERVA-NRX engine, less the divergent section of the nozzle, was
carefully mocked up. The reactor core was simulcted with beaded fuel containing depleted
uranium. The destruct wos produced by detonation of four in-place projectiles. One
quadrant of the reactor debris produced was collected, sieved, and weighed, and the gross
particle size distribution obtained. The larger fragments of the pressure vessel, reflector,
durimy control rods, and other engine components were also collected. Particle velocities
were measured at severcl angles about the engine mockup, and extensive high~speed
photographic coverage of the event was provided.

The results of this test produced dato which are considered the best available to
date in describing the choracteristics of explosive destruct, and have been used in the
analyses of destruct consequences. Therefore, the major results of the APG-Il| test are

summarized below,

VWi lwes... . L T
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The core material was fragmented into on exceedingly large number of fragments
(~2x 10]3), varying in size from 0.0034 mm (3.4 microns) to 26.9 tnm and in weight from
1.02 x 10-") grams te 16,0 grams. Of the total number of fragments, 99.974 percent were
less than 0.105 mm in size clo<=*, but this small debris comprised only 6.53 percent of the
core mass. Thus, a relatively small numoer of fragments comprise most of the core raass and,
hence, most of its radioactivity, In addition, analyses of the small material (< 0, 105 mr in
size clas:) indicated that these debiis contained only 2. 14 percent of the total core uronium,
The particle size distribution is shown in Figure 6-19. The results of the LASL one-ninth
scale test are also shown for ccmparison. The weight and number distributions cre illustrated
in Figure 6-20, which shows the accumulative weight of fragments versus size class, and in
Figure 6-21 which depicts the accumulative number of fragments versus size class. It was
Tound the presented area of the fragments could be defined by the relationship:

A = rogw?3
whel= A is expressed in mm2 and W is expressed in grams.

The imparted fragment initial velocities were found to range from 0 to 2200 fps
with no appcrent reiationship between velccity and size. Initial velocity was calculated by
APG using standardized methods incorpcrating the effects of atmospheric dreg.  The fragment
velocity distribution is shown in Figure 6-22 in terms of accumulative percentage of
velocities as a function of fragment velocity. Measurement of the spatial distribution of the
debris showed that most of the destruct debris was ejected out the sides of the reactor and was
concentrated in four co-planar "jets" at right engles to each other and at right angles to the
reactor longitudinal axis. The jets were {ocated radially midway between the four explosive
charges. The weight distribution of the graphitic material in these jets is shown in
Figure 6-23. A fifth je! extended straight up along the reactor axis where the nozzle was
blown off. The amoun! _ muterial in this fifth jet was small in comparison to that in the

four main radial jet.. Analysis of the size distribution by APG personnel indicated that the

Size class vas evaluated by screening the debris through standard Tyler sieves. Size refers
to the size of the small square openings in the sieve through which the particle could pass.
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fragment mass and velocity were independent of angular distribution. However analysis of
debris samples collected by the U.S. Naval Radiological Defense Laboratory, as reported in
Reference 23, indicates that the size distribution of the material in the jets differs from that
outside the jets. The mass median diameter of the material collected by USNRDL is shown
in Figure 6-24, As can be seen, the size distribution varies depending on the semple
location in relation to the jet location and distance. However for the destruct analyses
made by LMSC and WANL (cf, Section 6.4.3) it was assumed the size distribution was
independent of angular location.

At this point it should be noted that the flight configuration of a high explosive
destruct system will not emplant the four charges parallel to the reactor axis. These charges
must be placed at an angle to the axis because the design of the propellant tank and upper
engine support structure preclude placing the projectile launchers directly above the engine.
The effect of non-parallel charge emplacement cannot be predicted. Thus, it is not certain
whether or not a similar jetting action will occur in a flight-configured destruct system,
One cannot be certain that the frogment size distribution associated with this effect will

remain unchanged.

6.4.3 Destruct Analyses

The analysis of an in-flight destruct countermeasure can be accomplished in three
separate phases: (1) definition of the fragmentation and initial conditions of the debris
resulting from rhe destruct action, (2) determination of the re-entry times, impact locations,
and atmospheric interactions of the debris, and (3) evaluation of the interaction of the
radioactive particles with the population in order to define probability of radiation
exposure and population doses. The analytical models and analysis methods used by LMSC
and WANL for the first two phases are described below. The expected population exposures

resulting from the destruct countermeasure are presented in Chapter 8.0,

0.4,3.1  LMSC Analyses

LMSC analyzed the effectiveness of the destruct countermeasure

(12)

for the three

hypothetical fiight missions defined in Section 8.2, Their analytical approach was to
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calculate for each mission as a function of failure time the following parameters for a suitable
sample of destruct particles: the re-entry times and if possible, impact locations, fission
product inventory of each particle at ground impact (correcting for losses by re-entry burnup
andablation), external gamma dose delivered by each particle at a fixed distance and dose
exposure time period, the probability of exposure of the population to the particles, and the
expected radiation dose to the population.

Destruct model, The particle size distribution of the destruct fragments as

determined by the APG-l|I test was classified into twelve particle size groups for convenience
in the analysis. The size range, the “average" particle diameter (log mean diameter), the
weight fraction in each class, the particle density, and the weight fraction of each particle
surviving re-entry (due to losses by burnup, Figure 3-8) are presented in Table 6-7. The
APG-IIl particle velocity distribution data were divided into either five or ten velocity
increment ranges. The increments are so spaced that each increment will have an equal
probability that the velocity imparted to the particles by the destruct action will lie within
that increment, The destruct model considered the distribution of all particle mass into the
four jets, each jet comprising a solid cone angle of 20°. The model considers the vehicle
(NERVA engine) axis is along the flight velocity vector at time of destruct such that the
debris jets will be ejected perpendicular to the flight velocity vector. Only this one attitude
position is considered and it is assumed the vehicle has not rolled or tumbled following
failure and prior to destruct action. An alternate destruct model, which assumed a spherical
mass distribution of fragments leaving the explasion center, was also used. This model was
used for evaluating beta dose exposure potential since the particle deposition density on the
ground could be derived with it. Evaluation of the maximum radioactivity that could be
expected for the very small debris particles indicated that particles of size class 10, 11, and
12 (porticles smaller then 31 microns log mean diameter) would have insufficient activity
(due to small size and long terminal fall times for atmospheric re-entry) to introduce any
biological effects even with multiple contacts. Thus particle classes 10, 11, and 12 were not
considered in the LMSC analyses.

Calculations of the re-entry times, impact locations, fission product inventories,

and population exposures were made using modified chain links and subroutines from the
e sttt . I
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LMSC Nuclear Flight Executive Program. Because of the large number of re-entry analyses
required for destruct analyses, the re-entry trajectory portions of the program were optimized
to reduce computer running time. For the fourdobed (jet) destruct model, an array of 36
vectors define the initial particle locations in space. Five destruct velocity increments were
used in the analysis, so fhor(36 x 5) 180 re-entry runs were required for each particle class
for each failure time analyzed. A special subroutine was developed to compute the number
of particles per square meter of a given size class and destruct velocity increment impacting
the ground. This program along with special dose model calculations (Chapter 7.0) were
used to calculate tissue dose from small beta-emitting particles.

Debris source strength and impact paiterns. The source strength or impact

inventory of the destruct debris is complicated by the fact that the destruct particles will
be returning to earth at different times. The decay rute of deposited material at any time
after failure will depend on how much material has been deposited by that time; particles
with short re-entry times may have decayed significantly by the time the last destruct
fragment returns to earth,

The deposited activity for destruct from a 100 nm orbit start mission of a NERVA-
NRX powered vehicle (Mission Model 1, Section 8.2) after 143 seconds full power operation
(fail time 786 seconds after launch) is shown in Figure 6-25. The overall decay of the
reactor generated fission products is shown by the top curve; the other curves indicate the
partitioning of the total source between orbit, atmosphere, and earth surface. Although
the particles from destruct do not impact at the same time, the dose models used for calculation
of population exposures (Chapter 7.0) assumed the interoction of the particles and the
population begins as soon as the particle reaches the earth, For compatibility with these
models, the "impact inventory” is then defined as the sum of the activities of the individual
particles as each returns to the earth, Thus, the impact inventory for the case shown in
Figure 6-25 was calculated as 7.09 x 105 curies, even though the maximum activity on the
ground at any one time is only 1.6 x 105 curies.

The source strength of the different particle size classes will vary due to

variation in particle mass, re-entry times, and extent of burnup suffered during re-entry.
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The ground impact inventory resulting from a destruct countermeasure at two failure rimes
f.om an orbit start mission (MM |) and at one failure time from a sub-orbit start mission (MM 1)
is presented in Table 6-8, It can be seen that much of the activity is carried down by particle
classes 3, 4, and 5, Class 4 accounts for over 50 percent of the activity during early failure
times, when the dose delivery potential is the greatest,

The debris impact pattern or "footprint" for class 6 particles for a failure time of
1092 seconds for a sub~orbit start mission (MM I1) is shown in Figure 6-26. The impact
pattern for larger particle sizes shifts downrange and becomes less compact. Impact patterns
for other sub-orbital failure times are shifted as would be expected, Earlier failures (before
1092 seconds) give more compact patterns further uprange. The converse is genzrally true for
later failures. lmpact patterns using the spherically-symmetrical destruct model are somewhat
different thar: those formed using the lobed model, as would be expected. Two major
differences were apparent: (1) the spherical model causes more particles to impact at short
ranges because there are velocity vectors directed backward and downward; (2) the spherical
mode! predicts a greater fraction of particles injected into orbit due to vectors directed
forward and upwerd. In the lobed mod2l, forward and backward vectors are not present for
the assumed engine ottitude at time of destruct.

The expected population whole body gamma doses and beta skin doses for the
destruct countermeasures have been calculated based on particle exposure probability models

(Chapter 7.0) and land populaticn densities. These doses are presented in Chapter 8. 0.

6.4.3.2 WANL Analyses

Westinghouse Astronuclear Laboratory has performed a study to determire the

effect of gross changes in reactor attitude, failure time, and destruct initiation time on the

amount of radicactive debris deposited on the African continent resulting from a sub-orbital
(24,

destruct of a NERVA (5000 Mw) engine'# 2)

tion radiation doses resclting from the re-entering debris. Instead, the analysis was confined

. No attempt was made to calculate popula-

to establish the range of values of the destruct variables that would result in little or no

centamination of Africa.
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Destruct model. The APG-Ilil particle size distribution was classified into eight

size groups, ranging between 13.5 mm to U. 105 mm. The upper and lower boundaries of each
size group were chosen so that for each size class, ihe ballistic rarameter did not differ by
more than o factor of two. Particles smaller than 0. 105 mm were nat considzred, since those
smaller particles comprise only 6.5 percent of the total ccie mass, and contained only 2.1
percent of the total core uranium. The APG-IIl velocity distribuiion data were divided into
six velocity increment ranges, varying from 0 to 900 fps. Higker velocities were not
considered, since only 2 percent of the particlc velociries originating frem destruct were
meas:red in the APG-1!l test to be greater than 900 fps,

The destruct model used considers the four jets ejected from the reactor to be co-
planar and at igh! angles to the longitudinul axis of the reactor. This model differs from the
LMSC destruct model in which the jets or lobes are considered to extend outward from the
center ot the reactor subtending a solid cone angie of 20°.  Consultation with APG
personnel(%) has confirmed that the concept of the debris beina in @ "destruct plane"” which
is perpendicular to the longitudinal axis closely approximates ihe actual geometry of the
destruct action,

The cralysis was predicated on the consideration that the vehicle may have
assumed any combination of pitch, yaw, and rcil when destruct occurs. Since the destruct
debris is not formed in o sphericaily isotropic pattern, the attitude of the reactor at moment
of destruct will affect the ground distribution of the debris. To define the orientation of the
dest-uct plane it is necessary to define the pitch and yaw of the reactor's longitudinal axis.
Initially, 13 different attitudes were selected for a screening analysis. Each of these attitudes
was defined by selecting different combinations of pitch ond yaw, in which the piich and yaw
angles were varied by 45° increments. In later anolyses(zo), pitch and yaw were varied
Ly smaller increment; to determine the sensitivity of debris impact location to slight changes

in attitude. A third attitude variable examined was vehicle roil. since the distribution of

debris in the destruct plane is non-isctiopic. Three roll positions, 0°, 22.5°, aond 45°,

were examined for 2ach of the 13 ottitudes. Beccuse of the symmetry of the

TSV VT I W Y YT
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destruct pattern, larger roll angles using 22.5° angular increments would yield destruct
patterns identical with those for the three roll positions examined.

The analysis model considered that explosive destruct action would be utilized only
during those short time intervals of the total sub-orbit flight time during which failure would
lead to land impact of the intact re-entry vehicle. Two failure times, 996 and 1006 seconds
after launch, were selected. The time interval between these fail times bracket African
impacts for the intact re-entry vehicle; earlier fail times would result in Atlantic ocean
impact, whereas later fai'ures would result in deep ocean disposal or impactionin an undeter-
mined location. The effect of delaying destruct until the vehicle had re-eniered to 400, 000
feet altitude was also investigated for two different attitude cases.

A modified version of the WEREC Progrom(27) was used to predict the re-entry time
and impact location of fractions of the core representing a definite particie size range,
destruct velocity range, and destruct angle range. Land areas occupied by the debris represent-
ing c definite fraction of the core were calculated by a newly developed Computer program
called DEFT (DEstruct FootprinT). The location, area, and ground density of the debris
representing all fractions of the core were summed to define the total contaminated land area

and debris density.

Debris impact patterns and source strength, In general, the footprint boundary for

a given particle size~velocity class traces an elongated ellipse on the earth's surface, some-
vshat similar to 1he footprint obtained by the LMSC analysis. For many size and velocity
aroups, the downrange end of the ellipse is not closed, a condition indicating that some
fractior: of debris has been injected into orbit from the destruct action. However, the intent
of this study was not to accurately define footprint boundaries, but to determine the extent of
land contamination by the debris.

The fraction of core debris lying on land (Africa) as a function of reactor attitude
for destruct at the two failure times is summarized in Table 6-9. The pitch angle is the angle
between the reactor's longitudinal axis and the velocity vector with upward pitch considered
positive; counterclockwise motion about the yaw axis is positive and is measured with respect

to the velocity vector. Table 6-9 shows that while failure at 996 s-conds for Attitude 2 results

A aaaa, o aasrals L
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in no land contamination, failure 10 seconds later at 1006 seconds in this same attitude
results in a large fraction of the core impacting on Africa. In fact, this lond fraction is the
greatest for any of the attitudes studiec. In general, those attitudes which result in the least
fraction on land for failure at 996 seconds, result in the greatest fractions for 1006 second
failures (e.g., Attitudes 1, 8, 11, as well as 2).

The effect of roll position on the amount of debris impacting Africa can be clearly
seen from this data. Some attitudes introduce greater sensitivity to roll (e.g.; 4, 4, 10) with
the core fraction showing variations of as great as 35 percent., Other attitudes (e.g., 3, 8)
exhibit very little change at different roll positions.

Evaluation of the total hazard potential of destruct must consider not only that
debris which impacts on ocean and land areas, but also that portion which is injected into
orbit. Such orbital debris eventually re-enters with impact in random locations between a
+ 40 degree latitude band. Although the udditional time provided by orbital decoy reduces
the radioactivity of the debris, the eventual possible land depasition of this debris leads to
further potential radiological exposures. A pictorial representation of the core fractions on
Africa, in the ocean, and that injected into orbit is presented in Figure 6-27,

This figure reveals that the later failure time (1006 seconds) results in a greater
fraction of debris in orbit. This is to be expected since the vehicle has attained a greater
velocity, which, when added to the destruct velocity imparted to the debris, results in a
greater . roportion of the fragment reiching orbital velocities.

The fission product inventory and gamma source strength of the destruct debris
particles at ground impact time were calculoted using the WANL Source Term Computer
Progrom(ze). Rather than report the instantaneous activity or the ggmma ray emission rate

of the debris at ground impact, the following integrated four-day gamma energy, S, is used:

4 6
s = f 3.456 x 10° E (1) ot
0 Y
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where:
S = total four-day integrated gamma energy from particle, MEV
EY =  gamma source strength of particle at ground impact time, MEV/sec
t = time, days
3.456 x 106 = number of seconds in four days

The value of S is determined by the Source Term Computer Program in which the
function E (t), is integrated over 254 nuclides and seven gamma energy groups. The value of
Sis requir:d as input to the MOREDO Computer Program (cf. Chapter 7.0) in order to calcu-
late the dose to a mobile receptor. Although dose to the African population was not calculated
in this study, the alue of S, the integrated source strength of the particle, is a conveniant
parameter for use in comparing the effectiveness of different destruct attitudes and failure
times in reducing the amount of debris impacting on land.

Particles of different size groups will have overlapping areas, thus reinforcing the
ground activity., No attempt was made to define in detail the areas of overlap. Thus, the
exact source strength gradients on the ground were not determined. However, the maximum
and minimum source strengths that occur within the total area occupied by the debris due to
the presence or absence of overlap were estimated,

The ground source strength (y MEV/ ff2) for the 996 second failure case is shown in
Fijure 6-28, The shading used in these figures shows the maximum and minimum radiocactivity,
and also the range in the maximum and minimum values due to variation in roll position. The
minimum source strength represents the general range of land contamination that would result
regardless of vehicle roll position at time of destruct. It can be seen that roll can affect the
maximum and minimum contaminations by a factor of two to three. However, variations between
the maximum and minimum for any given attitude can be as great as a hundred-fold. The
ground source strength for the 1006 fail case is similar to that shown in Figure 6-25, with the
exception that Attitude 2 yields the largest source strength as might be predicted from the
data of Table 6-9,

—— Y
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The number of particles that impact on land for the varying particle size-velocity
groups was computed to determine the particle ground density., For a given area, the greater
the number of radioactive particles per unit area, the greater the probability of interaction
between the populace and the debris. "Reciprocal" particle density (ff2 per particle) was
calculated since the normal particle densities (particles/ftz) were always less than unity.
Thus, reciprocal particle density can be considered as the area occupied by a single particle.
The final ground particle density, as with ground source strengtt. will cepend on the extent
of overlap of areas. Overlap boundaries were not determined, but only the maximum,
minimum, and average densities are reported.
Reciprocal particle densities are shown in Figure 6-29. This figure shows that the
average area occupied by a single particle is between 104 - 105 square feet, Hence, it
can be assumed that a person will not interact with more than one particle. The data of this
table, along with pertinent land areas and populationdata, could beused in the MOREDO
mobile receptor dose model {Section 7.2. 1) for estimating external whole body gamma dose
to the African population,
It can be concluded, that with the exception of Attitude 2 at 996 seconds fail
times, there does not appear to be any one attitude (of the 13 examined) that offers a

significant improvement in land deposition of debris over another attitude.

Additiona! analyses, recently completed by WANL(25), have shown the amount of
deviation in yaw and pitch from Attitude 2 values (pitch = 45°, yaw = 0°) that could be toler-
ated during the time span 996-1006 seconds, without land deposition occurring. This study
has shown that between the time pe:iod 996 to 1000 seconds after launch, a narrow ronge of
reactor attitudes exists from which destruct debris will indeed avoid the African continent.

The allowable variation in attitude decreases rapidly with increasing fail time. Thus for
failure at 996 seconds, the reactor attitude may vary within the approximate limits of 35° to
50° pitch and + 5° yaw and all debris will miss Africa. (This assumes the moximum AV
imparted to the debris porticles by destruct action does not exceed 900 fps as was pre-
viously assumed in these analyses). For destruct at 1000 seconds aofter launch, the

permissable attitude variation is nairowed to approximately 40° - 45° pitch, with_no

h-.-.n.---‘--- a = = -
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variation from 0° yaw allowed. For failure times of 1002 seconds cr later, no ottitude appears
capable of avoiding land impact.

The study revealed there is a significant influence of the destruct velocity imparted
to the debris particles on the degree of attitude control required to insure avoidance of land
impact. If the explosive destruct action could be modified in such a way as to reduce the
upper limit of destruct velocities (a so-called "soft destruct"), then the attitude envelope
yielding no land impact would be increased. Decreasing particle size also tends to increase
the envelope of successful attitudes, but not nearly so markedly as will decreasing velocity.
However, for the 1004 and 1006 fail times, it appears thot a destruct action will result in
some land impact.

The effects of delaying the destruct action following detection of flight failure
were investigated., The potential benefits of delaying destruct action include: (1) reduction
of core fission product inventory by diffusion during the delay time period (assuming no post-
operational cooling) and (2) diminishing of debris injected into orbit by virtue of the reactor
being at a lower aititude at time of destruct. The proportions of debris on land and in the
ocean will also be changed from that of the immediate destruct case, and the delayed destruct
action may produce more favorable conditions for reduction of potential radiological exposures
of persons,

Delayed destruct following failure at 996 and 1006 seconds was considered to be
initiated when the vehicle had reached an altitude of 400, 000 feet. Delay time to reach
this altitude was calculated to be 509 and 701 seconds for the 996 and 1006 failure times,
respectively, It was assumed that the reactor remained intact during the delay time between
flignt system failure and initiation of destruct. It was further assumed that the core assembly
and structural components were not significantly altered during the delay time, in order that
the destruct action would yield the same results as an undamaged core. Two attitude positions
of the engine at the time of delayed destruct, Attitudes 2 and 9, were selected for screening
analysis. Attitude 2 (pitch = +45°, yaw =0°)was chosen because immediate destruct at this
attitude produced the best (996 seconds fail time) and the worst (1006 seconds fail time) results.
Attitude 9 (pitch=~45°, yaw =+45°) was chosen on the basis that the core fraction impacting on

land for immediate destruct varied the least for both failure times. The reduction

— M amwAmmasn A RPY R P - -
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in core fission product activity was estimated assuming post-operational heating under loss-of-
coolant conditions for the 509 and 701 second delay times. These estimates were based on
previous NRX analyses utilizing the FIPDIF-NOFLOW computer program.

The results showed that for Attitude 2, delayed destruct offers no improvement,
With the 996 second failure time, all debris is still ejected into the Atlantic Ocean. However,
for the 1006 second failure time, delayed destruct causes an additional 10 to 12 percent
of the core to impact on Africa. As was expected, the fraction of debris ejected into orbit
was diminished-~in this case to zero.

With Attitude 9, delayed destruct following failure ai 996 seconds after launch
resulted in significant improvement in reducing the hazard potential. The fraction of debris
on land was reduced from about 16 percent to 0.2 percent or less, with the fraction injected
into orbit reduced by about one-half, However, delayed destruct foilowing failure at 1006
seconds significantly worsens the hazard potential, with the core debris fraction on land
increasing by a factor of three from about 17 percent to greater than 50 percent,

The ground sourcc ztrangth (gamma MEV/ft2) was calculated in the same manner
as for the immediate destruct cases. Due to loss of fission products by diffusion, the integrated
four-day gomma source strength of the debris is about a factor of two lower than the debris
originating from immediate destruct. The average ground source strength for the delayed
destruct cases are shown in Figure 6-30. Values for the immediate destruct cases are shown
for comparison, As can be seen from this figure, for Attitude 2 (1006 seconds), the ground source
strength is less than that for the immediate destruct, even though the core fraction on land is
greater. This decrease can be cttributed to the fission product diffusion inventory losses. How-
ever, for Attitude 9 (1006 seconds) this decrease in inventory due to diffusion does not com=-
pensate for the substantial increase in the core fraction deposited on land. Note that for Afti-
tude 9 (996 seconds) the combined effect of less fraction on land and fission preduct diffusion
substantially decreases the ground source strength in comparison with immediate destruct.

Thus for this instance, delayed destruct markedly decreases the hazard potential.

6-78



— @ Astronuclear
Laboratory

A — -
R

WANL-TME-1506

froevr v or | IREREE !

| 1

114 L1l
[ -]

NE\>w<< A = ALAILDY ONNOYO JOVEIAY

ngth

of Average Ground Source Stre

and Delayed Destruct

Ccmparison

Figure 6-30.

ediate

T W wy

6-79



B

EY I ST TP AL S

Astronuclear ‘ L
Laboratory . “A amama a3JAERIaY

WANL-TME-15C6

Based on the two attitudes studied, utilization of delayed destruct at failure times
early in the 996-1006 second fail time spar may offer a significant reduction in the amount of
debris reaching land. The converse appears true for late failure time of the 996-1006 time
span. However, these general conclusions must be made with coution because of the limited
analyses verformed. In addition, if the accident model assumes a loss-of-coolant condition,
the effact of post-operational heoting on core integrity during the delay time pricr to destruct

must be evaluated in the destruct model,

6.5 NUCLEAR DESTRUCT

In addition to utilizing chemical explosives to fragment the NERVA core, it may be
possible to achieve such fragmentation by a self-induced nuclear excursion, In addition to
yielding small particles, such a safety countermeasure could offer the additional advantage of
releasing large quantities of fission products to the -..vironment., However, in cider for an
excursion to be effective in fragmenting the core, it is necessary that energy insertions be
both large and rapid. The NERVA and NRX reactors, as currently designed, do not appear to
have the inherent capability of undergoing such excursions os the result of reactor malfune-

(29)

tions, It appears that malfunctions such as drum run out will result in no more severe con-
sequences than core over-heating with subsequent thermal degradation of the reactor, Thus,
to accomplish ¢ self-induced destructive excursion, it will be necessary to devise some tech-

nique for rapidly inserting requisite reactivity.

6.5.1 Analytical Evaluations

At present there exist three computer programs which examine the response of

\
(30) NERVEX(3” and

’

NERVA type reactors to fast reactor transients, These are RAC
NECKLACE®?)

deposition within the core material to be uniformly distributed between the UC

. The first two of these programs are similar in that they consider energy

2 and the gra-
prite matrix. The programs evaluate the thermal, chemical, and mechanicel response of the
reactor core to the energy insertion rates associated with the excursion, In porticular, they

calculate pertinent physical parameters contributing to shutdown, NECKLACE on the other

& - —
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hand considers the response of individual fuel beads to the reactor transient. Experimental

(33)

evidence indicates that in the event of a large rapid nuclear transient, these beads will
rupture, a result which may lead to extensive core fragmentation and an eventual mezhanism

for reactor break-up.

6.5.1.1 RAC

There exist two versions of the RAC(29’ 30) Compuier Program, Orie uses a one=

dimensicnal reactor model, and it performs its calculations in slab, cylindrical or spherical
geometry. The other uses a two-dimensional reactor model, and it performs its caiculations
in the R-Z coordinate cylindrical geometry,

The computer program is concerned with the dynamic behavior of a groehite reactor
under power transient conditions, In the code, the core is arbitrarily divided into o numbe-
of nomogeneous segments, to each of which is assigned a fission or power density. Then for
a given reactivity insertion (step or ramp), the progrom generates, as a function of time, fis-
sion energy in each segment, as well as the increasing fuel temperatures and graphite vapor
pressures according to the heat content functions and vapor pressure data built into the pro-
gram. In addition, each core segment is a!lowed to perform thermodynumic work on its
neighboring segments through the interface of the segments, This work serves to relieve
internal pressures associated with thermal expansion and/or vapor formation. [n the event
the reactivity insertions are large, this work ses the core into motion. Reactivity is de<reased

as the core expands.

6.5.1.2 NERVEX
The NERVEX(3]) Program is similar to RAC; however, it considers only two dimen-

sional, cylindrical R-Z geometry,

6.5.1.3 NECKLACE
The NECKLACE(®Z 33) Comiuter Program examines the problem ' heat conduction

out of a UC2 bead through its surrounding pyrographite coating into the graphite mairix., The

oroblem uses spherical coordinates with allowance for an arbitrary number of zones arranged

as nesting spherical shells, v ith the central volume of fuel being o sphere

-~
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Ir the NECKLACE Program all fission energy is initially deposited in the UC2 bead.
As the bead begins increasing in temperature, heat transfer begins through the pyrogrophite
shell. Once the fuel reaches its melting point, it will be transformed into o liquid which will
expand and also form a UC2-C eutectic with the pyrocarbon couting. (As this eutectic is
-ormed, provision must be made in the thermal conductivity calculations for the diminishing
thickness of the oyrographite shell.) Competing with eutectic formation, will be vaporization
of the fuel mate.ial (or the eutectic) during which the bead may experience very high interno!
pressures. What hapoens next will depend upon the extent tc which the pyrographite coating
has bee~ deg:aded by UC2-C eutectic formation, If cons Jerable degradation occurs before
vaporization becomes significant, heat transfer to the graphite mairix wil! occur much more
rapidly, and rization will be suppressed. It is doubtful if core fragmentation will occur.
However, if the energy pulse has been quite rapid or if the pyrcgraphite coating is thick,
vaporization shou!d be large, and bead rupture accompanied by core fragmentation may occur.

One of the major problems encountered in using NECKLACE to perform excursion
carculations is that of assessing the rate of UC2-C e ‘ectic fornation. The basic kinetic and
th 21 1z Jynomic data needed to define the formation ~- this material are lacking. However,
if this phenomena is neglected along with pyrographite weakening due to radiotion damage
and if i* ; assumed that no heat losses from the becd occurs, it is then calcuiated that 4 x
]0]4 fissions per gram UC2 is required to frogment the fuel ot room temperature. If the fuel

is initially ot 1850°C 2.5 x IOM fissions per gram U-235 are required,

6.35.2 Experimental Datc

A number of experimental programs have yielded data on the energy requirements
for cove fragmentation, These experimerts range in magnitude from small scale fuci tests in
o voriety of test reactors to the full scole KIWI-TNT test. The fuel tested in these experiments
was NERVA type ruel with 100 micron UC2 <cres surrounded by a 25 micron pyrographite
ccating a!! dispersed in th  giaphite matrix. Actually, the 'J’:2 beads will range in diameter
from 50 to 150 microns. Unless otherwise noted, this type fuel is discusced in the following

paragraphs. '

F—-‘ - -7--“1‘;..-: .. !
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6.5.2.1 TREAT
In experiments in the TREAT

(34)

test reactor, small fuel samples experienced o

total energy of 2.35 x 1015 fissions per gram U-235. The most rapid transient condition

was 40 msec. No fragmentation was observed; however, photomicrographs showed considerable
bead damage with the UC2
of the experiment is i:; excess of that predicted by NECKLACE, the long transient probably

being dispersec throughout the graphite matrix. Wt.ile the energy

cllowed sufficient time for complete degradation of the pyrographite bead before substantial

vapor pressures developed.

6.5.2.2 TRIG A

in order to obtain a shorter period, samples were tested in the YRIG A recctos?mHere
a sample received a TRIG A nulse of 9. 9-msec half width and a total exposure of 2.4 x 10]4
fissions per gram U=-235. No head degradation was observcd. It was concluded that breakup

required either o still shorter period or o greaier energy deposirion or a combination of both.

6.5.2.3 SPERT-~I Oxide Core

fuel sampl2s were next tested in the SPERT=-{ focility. Under conditions of 3.83 x

\0]4 fissions per gram U-235 (est. ) und with o recztor period of 1.5 msec, no frogmentation
was observed, @33) In fact, it was found subsequent to the test that a considerable number of
intact beads still existed.

6.5.2.4 SNAPTRAN-3 External Fuel Somple Fxperiments
SNAPTRAN-3‘33) was o “c.tructive excursion pe-formed 1 April 1¥64. Three

NERVA fue! samples were placed about one inch from the outer vessel surface where it was
estimated that the peak thermal neutron fiux would exist. Three other samples were placed
about 2, 25 inches further out, in order to receive about one-half the peak flux. In this test
the reactor period was 0,65 nsec. The following three types of beads were used in the fuels
tested:

1. A standard type fuel with a normal bead size distribution with core diameter

ranging from 50 to 150 microns,

6-33
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2. A beaded fuel with UC2 beads ranging in diameter from 50 to 100 microns.

3. A beaded fuel with UC2 beads ranging in diamete: from 100 to 150 microns.
All the above beads had o 25 micron pyrographite coating.

Posi excursion examination of the three different ¢ els in their two different loca-
tions, indicated only one of the fuel samples fragmented. Only the fuel somple containing
UC2 beads, 50 to 100 microns in diameter fragmented, and this occurred only tor the parti~
cular sample placed closest to the outer vessel. However, photomicrographs did indicate
that even for this sample, some beads failed to undergo fragmentation. An energy of approxi-

mately 1015 fissions per gram U-235 wos estimated.

6.5.2.5 KIWI-TNT External Fuel Somples
During the KIWI-TNT test (33! which will be described later, o number of NERVA

fuel specimens were placed external to the test reactor. The period of this test was 0.6 msec.
As a result of the placement of the fuel samples, four different energy depositions were ob-
served ranging from 3 x l()M to 7 x 10]5 fissions per gram U-235. In this test the
following fuel variables were selected for examination: bead core size, bead core compo-
sition, bead coating thickness, prior exposure to radiation, and fuel ambient temperatures.

It was observed that for the standard NERVA fuel the only sample to fragment was
that receiving 5 x 10]5 fissions per gram U-235. For this case fragmentation was extensive
and no bead structure remained, a result observed by photomicrographic examination. Less
damage was observed ‘or lower energy depositions. When samples were heated at 2400 to
2100°C and subjected to 7.7 x lO]4 fissions per gram U-235, it was observed that UC2
melted and the beads were damaged. While no fragmentotion appeared to take place, there
was considerable matri < damage in the sample heated to 2400°C, With lower energies, i.e.
3.4 x 10]4 fissions per gram U-235, and identical temperatures, no matrix domage was
observed nor did the pyrographite coating appear to be damaged.

As a result of these studies it appeared that for a reactor transient of 0.6 msec

there exists a definite threshold in the energy required to fragment the NERVA fuel material
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and thot this threshold lies somewhere betwe.n 1.7 x 10]5 ond 5 x ]0]5 fissions per gram
U-235. Moreover, it appears that this threshold may be diminished in the event the beads
are heated prior to the excursion.

The experiments on beads of other geometries indicated that the fuel beads with
lorger than normal cores are damaged more easily than smaller ones, beads with thicker than
normal coating show somewhat less damoge than standord beads, ond samples with a larger
than normal bead volume fraction are fragmented more easily. In addition, it was observed
that fuel samples which hcve been irrcdiated at full power show no increase or decrease in

fragmentation sensitivity.

6.5.2.6 SNAPTRAN-2 External Fuel Sample Experiments
A number of NERVA fuel samples were placed external to the SNAPTRAN-2 excur-

sion test. @33) The period of the excursion was 0. 2 msec, o time much shorter than any exper-
ienced previously. However, the energy deposition was also diminished, being only 1.35 x
IOM fissions per gram U-235. Analysic indicated that the normc! fuel underwent no appreci-
able domage, and only a trace of uronium migration was observed. However, for a fuel hoving
beads 210 to 300 microns in diometer and a 50~micron pyrocarbon coating, some bead rupture
was observed along with some matrix cracking for a flux position resulting in 8 x 10]3
fissions per gram U-235,

6.5.2.7 The Full Scale KIWI-TNT Test

. [ ]
A full scole transient nuclear test was conducted on a KIWI reactor on 12 January

1966. The basic KIW| design was used in this test reactor, however, tontalum neutron poison
material normaliy used for shimming the reactor to the desired criticol condition was removed
to provide a greoter excess recctivity, Changes in the hydraulic control drum motion system
permitted much more rapid reactivity insertion rates. The lateral support system waos also
eliminated and the core was held together by bands.

Analysis of test results indicated a period of 0.6 milliseconds and a total fissions

Q
yield of 3.1 x ]020. (29) The NERVEX progrom predicted o fission yield of 5.1 x 1020

*
The KIWI reactor is a predecessor of the NRX series of reactors.
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fissions for the experiment;(as) RAC predicted a value of 102] fissions. * In addition, data
on overpressures indicated a kinetic energy release (i. e, the amount of heat energy trans-
formed to mechanical energy) of 150 Mw sec. These data were then used to normalize the
RAC code to make it more applicable for excursion predictions.
Subsequent to the test, radiochemical analyses were performed on fuel debris. It

was found that the energy deposition in the test ranged from 4.5 x IOM tod,5 x 10]5
fissions per gram U-235. This range in yields was due to fission peaking occurring in the
center of the reactor and along the reflector. The lowest fission yields occurred at the reactor
ends. It was found that fuel in these sections underwent 8.6 x 'IOI4 fissions per gram U-235,

and, moreover, that this fuel did not fragment. Fuel in the high fission yield section of the

core underwent extreme fragmentation and vaporization,

6.5.3 Requirements for Nucleor Self-Destruct

On the basis of the above experimental programs, ii appears the core fragmentation
can be achieved if sufficient reactivity is added at o relatively rapid rate. The exact magni-
tude of reactivity required is still open to question, In order to help answer this question o
parametric study was conducted to evaluate the total fission yield required as a function of
both recctivity and reactivity insertion rate. (35) The study examined the 5000 Mw NERVA
reactor and used the NERVEX computer program, The results are shown < Figure 6-31 where
prompt excess reactivity inserted is plotted as a function of reciprocal insertion rate for con-
stant fission yields. If one assumes on the basis of the aforementioned experimental results
that 10]5 fissions per gram a.e required for fragmentation, then, it follows that for the NERVA
reactor o total fission yield of 1,21 x ]02] fissions will be required. Using the NERVEX
results shown in Figure 6-31 ana correcting for *!e fact that NERVEX predicts a fission yield
of 5.1 x 1020 for KIWI-TNT whereas 3 x 1020 fissions were measured, it cppears that an
$11 prompt or 1500 $ per second romp wouid be required for fragmentation. This value should
be viewed only as an approximation and it will undoubtedly be modified when mor: refined

daota become available.

*
Voiue was obtained from Figure 19 of Reference 29.
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6.5.4 Techniques for Reactivity Insertion

In order that nuclear self-destruct may eventually become a practicable counter~
measure system, it is necessary to devise some technique for achieving requisite reactivity
insertion. A number of techniques for reactivity insertions have been examined analytically. (33)
These include insertion of a projectile containing a moderating material such as U-235, H20,
or polyethylene; maximization of reflector control, i.e., obtaining moximum reactivity
insertions with either control drums or rods; and insertion of hydrogen or a hydrogenous mater-
ial to the core. None of these techniques appears entirely infeasible; however, before they

can be utilized, insertion requirements must be better defined and engineering problems

associated in these methods must be solved.

Co T
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CHAPTER 7.0
RADIOLOGICAL CONSIDERATIONS IN NUCLEAR ROCKET FLIGHT SAFETY

Knowledge of the exact source term of the re-entering radioactive debris is necessary
in order to evaluate the radiological safety problems of space riclear propulsion systems,
However to define the magnitud: of these problems, it is necessary to know the extent and
nature of the interaction of this debris with man and following such interaction, to estimate
the manner and extent to which absorbed ionizing radiation would be distributed in man. A
Radiological Effects Working Group was established within the ROVER Flight Safety Program
for the purpose of developing radiological safety assessment methods and for acquiring data on
the man-debris interactions associated with the use of nuclear propulsion systems. A compre-
hensive report presenting the analytical methods and experimental information oktained in the
ROVER Radiological Effects Program up to April 1966 has been published by the United States
Naval Radiological Defense Laboratcry]. The information contained in that report, as part
of the ROVER Flight Safety Prel iminary Review documentation, has been used in the Safety
Analysis Reports evaluating the use of passive re-enfr)§2)and evaluating destruct and auxiliary
thrust system 3 countermeasures for MERVA pewered space vehicles. Information ahstracted
from Reference 1 is presented in the followir.g paragraphs. Equations and mathematical models
defining the physical and radiological interactions of debris with humans, as derived in
Reference 1, will not be repected here. The major purpose of this section is to describe the
factors considered, the assumptions made, and the limitations incurred in developing the

means to assess the radiological safety aspects of nuclear rocket propulsion.

7.1 DEFINITION OF RADIOACTIVE DEBRIS

The characteristics of the re-entry debris depend on the re-entry mode under
£2, 3)

consideration. In the mission safety studie two basic re-entry modes have been

considered: passive re-en*"y of an initiolly intact reactor and re-entry of debris resulting from
the explosive destruct action of the reactor. Because the nature of - debris is a factor in

determining the applicability of the debris-man interaction models, the important characteristics

of the debris for each re-entry mode are summarized below.

— ,_7_‘___7__, I
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7.1.1  Passive Re-Entrv Debris

The disassembly and dispersal of the NERVA reactor under passive re-entry condi-
tions have been described in Reference 2 and summcrized in Section €.2, It wiyy ,bawn that
fuel elements will be ejected at some time following mission abort, The eiements were
assumed to be released as integral elements although breakage upon ejection is certainiy not
precluded. During re-entry and upon earth impact, the fuel elements may be further degraded,
but the most probable fragment size has not been determined. The safety analysis of Reference 2
assumed that the fuel debris remained in the form of integrol fu=| elemen's. When information
on passive re-entry fragment size becomes available, debris interaction models and dose exposure
models can easily be modified to use the information,

Distribution and location of the debris on the earth's surface will depend on the
flight mission and time of failure. For failures following orbit starf-up, the earth area
coverage is widely dispersed and impaction of debris will be .0 a random manner. For the
launch azimuth restrictions in use at Cape Kennedy, impact location will lie in a band around
the earth between 40°N latitude ard 40°S latitude. For failures from sub-orbit start the
debris impact location is predictable and will cover smull areas, probably on the order ot
severcl square kilomefergz). The radioactivity of the fuel and structural matericl debris will
depend on the operational and post-operational history and was describec in Chapters 3.0
and 4.0,

7.1.2  Destruct Re-Entry Debris

The APG-3 explosive destruct tes‘4' 5)of a simulated NERVA-NRX reactor has
produced the best availakle information on the parricle size distribution expected from explo-
sive destruct. A summary of the APG -3 results wa: presented in Section &.4, Particle sizes
varied from 3 microns up tc approximately 27 mm. To facilitate the handling of the partic!:
size information in the physical interaction and radiological dose models, particle sizes have

0

beer tegorized into twelve size ranges according to their diameter as shown in Table 7-

and these size groups have been used by LMSC in their destruct anulyses(s). WANL has re-
duced the APC -3 data to eight size groups in their destruct anolyses(é), neglecting pariicles

smaller than 105 microns on the basis that particles below this size contained only 2.1 periont
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of the total core uranium. The assumption is made that all particles in o given size range be-
have physically and biologically in essentially the same fashion as the geometric mean for
that group.

Distribution and location of the debris on the ear'h's ,urface, as with the passive
case, depends on the mission mode! and failure times. F-r destruct from orbit, a significant
portion of the debris will have random impact location within the 40°N-40°S latitude band.
For failure foliowing sub~orbit start-up, typical destruct dabris footprints have been described
for the NR)&a)cnd NERVA(é)reactors. A further consideration of small sized fuel debris is the
rate at which contained fission products may be eluted or dissolved in water or bocy fluids.
Solubility tests performed at USNRDL(])hove shown that NERVA type fuel beads which have
an intact pyrocarbon coating do not lose measurable activity when leached in water and
simulated gastric juices, Measurement of fission product loss from urcoated and broken coared

beads is in progress at USNRDI@?

TABLE 7-1

DEBRIS SIZE CLASSES

Size Range Diometer Log Mean Diameter
Class (Microns) (Microns)
12 0 -10 3.16
il 10 - 20 14. 11
10 20 - 50 31.62
9 50 - 100 70. 71
8 100 - 200 141.10
7 200 - 500 314.20
6 500 - 1000 707.10
5 1000 - 2000 1,411.00
4 2000 - 5000 3,162.00
Kl 5000 - 10,C00 7,071, 00
2 10,000 - 20,0N0 14,110, 00
1 20,000 - 50, 000 31,620, 00
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7.2 DEBRIS EXPOSURE MODELS

The estimation of the biological interactions which may result from nuclear rocket
engine fuilures is complicated by the random nature of the deposition of the debris in the
biosphere. The expcsure conditions for each possible receptor cannot be precisely predicted.
A range of condiiions exists which depends upon the impact location, abundance and size of
debris, and the population density. Thus, the mathematical description of a dose to a
receptor must include o factor which defines the probability that the receptor and the debxis
will interact in a certain manner. The assumptions of "worst case" exposures, where the
receptor is at a fixed distance from the source for an exactly defined time with specified
shielding conditions, is not representative of the exposure history of the great majority of the
population thot could be potentially affected by these sources. Thus probability functions
and probobility models have been developed to describe the interactions between the debris
and the receptor. This probability combined with the radiological dose model for given
exposure conditions then provides results describing the distribution of dose over the affected
population group.

Several exposure routes exist by which humans may be subjected to ionizing radia-
tion from the re-entered debris('? The following three primary exposure situations are
summarized here: external whole body exposure to gamma radiation, external body (skin)

exposure, and internal body exposure due to ingestion or inhalation of radiocactive debris.

7.2.1 External Gamma Whole Body Exposures

An external whole body exposure model has been developed and is based on the
premise that the recentors do not always remcin stationary, but are free to move about in some
manner. The details of one such model, MOREDO (Mobile Receptor Dose) have been
describean’nand have been programmed for digital computer so|utiorg8). In the MOREDO
model, the extent ot a given individual's movements is assumed to be strongly dependent
upon his age, occupation, and diurnal habits. It is assumed that each individual's move-
ments can be described vy o Gaussian frequency distribution of separation from an associated
center of motion, the :tandord deviation of which describes the extent of movement. The
associated population dose exposure is dependent on the juxtaposition of centers of motion

(reople) and radioactive particles, These are obtained by assuming that both the particle
— T TS
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and population distribution are described by the Poisson distribution low. The program utilizes
two opticns depending on the radioactive particle density:

1. The particles are sufficiently dispersed on the Earth's surface that any

given person is under the influence of only a single particle at least 95 percent
of the time.

2. When the first option does not hold, the particles are described as an infinite

plane source, and the dosage to the population or this plane is considered.

The MOREDO program is a complete radiclogicol dose model, in that it not only
considers exposure probabilities, but also calculates (from source term input data) the gamma
dose distribution within the total population group, as well as the total population gamma
dose. The MOREDO program was utilized in evaluation of the safety considerations of the
passive re-entry of NERVA reocforgz).

A modified mobile receptor dose model hos been developed by LMSés)since the
MOREDO program is not compatible with LMSC's Nuclear Flight Executive Program used for
mission safety analyses. The Lockheed model uses exposure probability assumptions similar to
those in MOREDQ and is also a complete radiological dose model, in that population doses
are calculated.

A non-mobile receptor mode! has been used by LMSC in which the population inter-
action with a debris particle is based on a static immobile population as well as a source which
remains stationary after impact. This concept has been used to develop the "exclusion orea”
model. This exclusion area is defined as that circuior area around the given impact particle
within which the gamma dose received by a person will equal or exceed a specified value in
a given exposure period. Since a dose gradient exists relative to the exposure distance to the
particle, the dose associated with an exclusion area apulies specifically at the periphery of
the circle. Those persons within the circular area will receive a dose greater than the speci-
fied numbers, The number of persons exposed depends on the population density ot the impact
point of the debris. The model has been programmed and is called the Lockheed Exclusion
Area Code (LEAC)(9' ]0), The specified dose values and exposure period required to calculate

the exclusion area are optionally selected input data.
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7.2,2 Epidermal Contact

To define the interaction between the individuals and nuclear rocket debris via
diract skin contact requires consideration of three factors: (1) the probability of direct
contact and retention of the particles with the skin; (2) the probable exposure period during
which the particle remains on the skin; and (3) the cultural habits of the persons with respect
to such items as the fraction of time spent indoors, nature and extent of clothing, bathing
frequency, and physical activity,

Equations for the probability of contact of particles with the skin have been
derivecp? The model relates the number of particles interacting with an individual to the
number of particles deposited per unit ground area, The modei considers the area >f ground
shielded by a standing man, and includes the effects of local winds at ground level, To
calculate the mean number of porticles striking ond sticking to on individual, "impaction”
and "sticking" efficiency factors are applied. Impaction efficiency corrects for those
particles which travel around the body with the air flow rather than intercepting the body.
The sticking efficiency allows for those particles that strike the body but bounce off.

The probable exposure period during which a particle remains on the skin indicates
that the surface condition of the skin (mainly perspiration and oiliness) and physical activity
of the individual are the most important parameters. From experimental work ot ORNL an
empirical relationship has been developed between average retention time and particle size‘] D.
For particles in the 40 to 1000 micron range, average retention time varies from about two
nours for 1000u particles up ‘o about 10 hours for 40u particles. Equations have then been
developed to calculate the probability that N particles will strike and reside on an individucl
for at least some time t.

Further refinements to the probability models have included consideration of the
cultural factors of the degree of clothing worn by individuals and the fraction of time spent
outdoors. Four clothing patterns for potentially affected geographic areas have been
identifiec‘lz)md estimates of the bare body surface exposed for each category have been
calculated. These factors plus a term for the fractional time spent outdoors, then, have been

included in the final equations for calculating skin contact probat..iiies. Because of the

g_
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complexity of these relationships, the equations are not reprinted here, but may be found in

Reference 1, pages IV-13 to IV-21,

7.2.3 Internal Body Exposures

Two dire-t routes of exposure of internal body orgons to radioactive particulate
dabris have b:ren examined in detail: lung exposure and ingestion e::posure. Indirect exposure
by sclubilized isotopes wkich enter man via the water or food chain have been investigated.
However, it seems that the maximum organ doses probable by this means will not create a
potential biological problem, with the possible exception of rodioiodine(l.) Even for this case,
to receive a significant ihyroid dose a particle must be large (1000u) ond must be ingested
within a short time compared to the radioiodine half life, and furthermore, the iodine must be
completely dissolved from the particle during the time of passage through the gastrointestinal
tract. Thus, the major effort has been limited to developing models for the direct exposure

of the lung and the gastrointestinal troct.

7.2.3.1 Lung Exposures

Extensive mathematical models are developed in Reference 1 (pages 1V-23 to
IV-34) in order to estimate the probability of inhalation of particle and to determine the
fraction of particles inhaled that actually reach the lungs. The following list summarizes
those factors considered in arriving at ¢ lung exposure model. Consuli Referance 1 for
details.

1. Direct inhalation of air suspended particles, This is limited to particles
in the range of 0 to 10y, Larger particles will not remain suspended in the
atmosphere for significant times because of their higher settling velocity.

2. Impaction inhalation in which wind-driven particles up to 1 mm diameter can
impact on the breathing zone. The model considers different impaction
efficiencies for the nasal and mouth areas and also considers the fractions of
inspired volume occurring by both nose and mouth., Nasal passages are
considered to reject fragments greater than 100p, and the mouth is assumed to

trap all fragments larger than 1 mm,
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3. The tota! inhalctica exposure is partitioned to calculate the mean number of
particles inhaled via the nose and mouth,

4. Only a fraction of the inhaled particles reach the lung. Porticles deposited in
the nasal passages and upper respiratcry will be swallowed (ingestion exposure;
rather than gaining access to the deep lung. Analytical relationships have
been derived giving the retention in the lungs as a function of size for both
nose and mouth entry. For mouth-breathed particle:, the maximum particle
size retained in the lung (assuming graphitic fuel particle of P =2.2 gn/cma)
is 15 microns. For nose-breathed graphitic particles, the maximum size
retained in the lung is about 7 microns.

5. For those particles reaching the lung, a biological half life of 120 days is used
as recommended by the ICRJB)for insoluble materials.

7.2.3.2 Ingestion Exposures

Ingestion can occur by swallowing those particles trapped in the upper
respiratory tract or by eating foods containing particles. The probability for ingesting a
particle via the inhalation route is evaluated using the model determined for lung exposure,
assuming the particles not reaching the lung are swallowed. A model for estimating the
direct ingestion of particles retained on vegetable crops has been proposesn and considers
such factors as retention efficiency of particles on the plants, crop areas required to feed one
person, and a reduction factor for processing of the food (washing, peeling, etc.) prior to
eating. The probability of o given sized particle reaching the gastrointestinal tract is coleu-
lated assuming the particle deposition density varies according to the Poisson distribution.

The average transit time of a particle through the gastrointestinal tract is token as
31 hours as stipulated by the ICRIIB? Experimental studies performed by the Argonne Cancer
Research Hospital using insoluble ceramic spheres (30-40y) yielded an average retention time

of 30 hours(M). LASl.(ls)experimental studies yielded a mean transit time of 34.5 hours.

7.3 RADIOLOGICAL DOSE MODELS
This section summarizes the various radiological - 'se models used to calculate

either the gamma ray exposure or the beta and gamma dose ..om contact with a debris
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particle. These dose functions when combined with the interaction probability models

discussed in Section 7.2, provide a means for evaluating the dose 1eceived by the popula-
tion for varying debris deposition patterns,

7.3.1 Beta ond Gomma Energy Absorption in Tissue

The models that have been developed within the ROVER progroms to calculate the
beta and gomma energy deposition in tissue are summarized below. 1he geometric considera-
tions for calculation of absorbed dose by the whole body or specific body orgons is described

in Sections 7.3.2to7.3.5 inclusive.

7.3.1.1 Beta Dose Calculational Modeis

Two models have been developed to calculate the beta dose rate from o debris
U

particle’ . One uses a modified point source function based on the work of Loevingeraa.
The second modei, known as the Combined Berger Spercer (CBS)(1 7)modei, considers both the
degradation cf the electron spectrum by the particle and finite absorber geometries. The use

of the present CBS model i confined to single UC2 fragments, although ~xtensions to consider
larger NERVA fuel fragments containing several UC2 beads is in progress at USNRDL.

The CBS beta dose mode! treats the beta dose problem in three parts. The first part
calculates the degraded beta porticle spectrum at the surface of the particle. This is
accomplished with the aid of three separate computer programs, each with its own separate
function as follows:

1. Beta Spectrum Progrom(ls)- computes the beta spectrum for each beta emitting

nuclide.

2. Composite Beta Spectrum F‘rogmma‘a - produces a point source spectrum for a
specified mixture of fission products by summing the individual spectra with
approgriate weighting for the activity of each contributing fission product
nuclide. The contribution of each fission product nuclide to the mixture is
determined from one of the fission product inventory abundance programs
(cf. Section 3.1.1).

3. Beta Spectrum Degradation Program(zo) - calculates the emergent degraded
beta spectra, arising from beta particle energy deyradation within the UC2

e A ANRA BN PS5 AT A A T
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particle due to scattering and absorption processes. This program uces analyt-
ical functions to ap; roximate the Monte Carlo computation required for deter-
mination of the emergent spectra.
The second part of the CBS model calculates the energy dissipation by fast electrons
according tc the method of Spence$2]' 22). The data of Spencer has been grophed, and a
computer program perfoims linear interpolation to define cn energy dissipation function. The
third part of the CBS model applies the energy dissipation data to the emergent spectrum. The
dose rate as ¢ function of radial distance in tissue is summed over 24 energy intervals. This
depth dose rate data is then integrated over a distance equal to the range of the beta particles
to find the total beta energy emitted by the UC2 porticle, the average dose to a spherical
volume, or the average dose delivered to a thin disk at any seiected depth of tissue. An

example of the CBS model output data has been plotted and is shown in Figure 7-1,

7.3.1.2 Gomma Dose Calculational Models

The gamma dose from an ingested particle is derived from multiple scattering calcu-
lations using o Monte Carlo method to calculate absorbed fracticns. These absorbed fractions
are the ratio of energy absorbed in a tissue volume to the total energy emitted, and have been
calculated and tabulated for various anatomical models, source distributions, and gamma ray
energie§23' 242 The average absorbed dose is calculated by weighting the gamma spectra
divided intc seven energy groups and calculated by the fission product abundance programs,
(cf. 3.1.1) to the approximate absorbed fraction values,

For external whole body gamma exposures, the decay energy is divided into seven
energy groups. Separate dose conversion coefficients are calculated for the average gamma
energy within each group and are used to convert gamma ray flux to absorbed dose rate (MEV/
sec-cm2 to rad/hr). Total dose is then obtained by summing over each energy group and

integrating the dose rate over time.

7.3.2 External Whole Body Gamma Dose

The assumption is made that the effective height of the receptor is one meter above
the debris particle deposition plane. Thus, the distance, d, from a particle point source to

the effective height of the receptor is: <:I2 =1+ r2, where r is the distance from the source

- — - . L. - _M’M
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at the base (at the feet) of the receptor. The gamma ray flux at a distance from a single
particle is assumed to be attenuated in accordance with the inverse square law. Corrections
for air absorption of gamma rays and gamma ray scattering (build up factor) are applied in the

models,

The above factors are included in the LEAC, MOREDO and Lockhe2d mobile receptor
dose models. The MOREDO program also inclides a calculational model for exposure to
multiple particles using a uniformly contaminated plane source dose model. However, the
MOREDO program has a serious deficiency, in that it cannot account for the exposures to
that segment of the population located in the area contiguous to the plane source. Such a
situation arises in the case of passive re-entry foll_wing failure from sub-orbital sforf-up(2)
in which the fuel debris is dispersed over < relatively small area of several square kilometers.
In this case an approximate estimate of th: additional population exposed outside of the plane
source was made by calculating the numbar of persons located in isodose regions surrounding
the finite plane source.

A comparison of the results obtained using the mobile receptor dose models =4 the
stationary receptor model has been given in References 1 and 3, When the seporation distance
between the receptor and source(s) is small in comparison with the degree of movement of the
receptor about his center of motion (¢ value), the mobile receptor model gives signiticantly
less dose than the stationary model. This is the region of most interest to safety analyses,
since the larger doses arise from close proximity to the source. Conversely as the source
receptor distance increases and becomes large in comparison with the standard deviation of
motion, the results of the stationary and mobile models are about comparable. There is also
a region, where the ratio s/o is in the range of 1.0 to 2,0, in which the mobile dose model

can yield a gamma dose greater than that calculated by the stationary model,

7.3.3 External Beta Skin Dose

Beta dose to the skin is calculated by integrating with respect to time the beta
dose rate (Section 7.3.1.1) to a disk of skin. The disk area of the skin is taken as 1.0 sz,
and the radiatio.. sensitive layer of the skin is assumed to be 100 microns in depth. The

biological effects of skin irradiation will vary with the area exposed, but the critical areq,
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if any, cannot be defined at this time. This model for calculation of beta dose per particle,
coupled with the relationships defining probability of exposure of individuals to debris

particles (Section 7.2.2),is used to determine the expected number of people receiving a dose

equal to or less than a specified value,

7.3.4 Lung Drse

The total beta energy emitted from particles in the lung is assumed to be absorbed
by the entire lung. Therefore the average dose is the total emitted beta energy divided by
the ICRP lung mass (1000g) for a 70Kg man. Since particles retained in the lung are no
greater than 10y, corrections for particle self-absorption can be negiected, and rhe time
integrated beta energy emission rate from a point source is applicable. Exposure period is
calculated using a 120-day biological half life as recommended by ICRP.

Gamma dose to the lung is calculared by the method of absorbed fractions, assum-
ing uniform distribution of the particles in the lung. A data table of absorbed fractions
applicable to the lung is published in Reference 1, page VI-Il.

Because of the small particle size retained by the lung, actual dose per particle
to the lung is quite small. Using a nominal 10-minute run for an NRX reactor, and assuming
minimum particle fall tim2s, the lung dose per particle from a 14-micron graphite fuel
particle and o 3-micron UC2 porticle was calculated as 8,5 x 10_7 rad and 2,5 x 10-5 rad,

respectively .

7.3.5 Gastrointestinal Dose

The beta dose at a depth of 300 microns beyond the gut wall is calculated for an
infirite medium using the CBS dose model, The 300-micron depth is chosen on the basis that
the dividing crypt cells in the walls of the intestines are located at this distance. The beta
dose to the lower large intestine is calculated using an average transit time of 18 hours; a
13-hour transit time is used for the passage of the particle through the upper intestine.

The gamma dose to the gastr. ntestinal tract is averaged over the entire
gastrointestinal  tract, assuming an ICRP 2000-gram mass for a 70-kilogram man. The method
of absorbed fractions is used to determine the average energy absorbed (doto table published

in Reference 1). 1he entire tronsit time of 31 hours is used in determining the gamma dose.
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Sensitivity analyses made by USNRDL " have shown that the dire~! ingestion route
is more significant than the inhalation route for exposure of the gastrointestinal tract to
radioactive particles. Direct ingestion from vegetable crops shows alarge possible variation in
the expected number of particles that could be ingested. However, a delay between deposi-
tion on the crops and time of ingestion would be expecied, thereby reducing any potential

hazard.

7.4 RADIATION EXPOSURE CRITERIA

Radiation protection standards have beer established by the following major
organizations: Internation Commission of Radiological Protection (ICRP), National Council
on Radiation Protection and Measurements (NCRP) - USA, British Medical Research Council
(BMRC), Federal Radiation Council (FRC) - USA, and the Atomic Energy Commission (AEC) -
USA. Standards of the first three organizations listed are in the form of recommendations;
those of the latter two have legal status,

The peacetime radiation protection standards can be divided into two general types:
normal and emergency conditions, Although any radiological effects resulting from nuclear
propulsion applications would be the result of an accident situation, the doses may not exceed
normal population radiation exposure criteria for all but a very small percentage of the
exposed population. Unfortunately, the established standards do not deal precisely with the
interactions considered in the ROVER program. For example, irradiation of highly localized
areas or volumes of tissue rather than entire organs is not covered by established criteria,

For normal peacetime operations; the FRC has published radiation protection guides
for two classifications of persons: radiation workers and the general population. These guides
are the same as promulgated by the AEC for their licenses and contractors. Tables listing
these standards are not included in this report, but are available i1, the FRC staff reporfs(zs’ 29
and also in Reference 1, pages VII-4 to VII-5, Recommendations for the general population
exposure limits in a peacetime emergency condition have been made by the FRC and BMRC,

The FRC recommendations pertain to the contamination of human food products due to an acute
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localized release of radioactivity, The standards are thus applicable to internal doses resulting
©ry

from dietary intake of specific radionuclides “131’ o '90, Cs]37). The FRC has not yet

established equivalent standards for intalation or direct irradiation. The BMRC has published

(28, 29)

emergency iimits for both exfernol(zm and internal exposures from accidents to mem-
bers of the general population (also published in Reference 8, pages VII-8 and VII-9)., How-
ever, these BMRC recommendations make no mention of the gastrointes inal tract doses which
would result from ingestion or inhalation at the recommended limits. Thus, while the existing
radiation exposure criteria do nor directly apply to nuclear rocket flight  _rations, some
guidance is available for all but the gastrointestinal tract. It is concluded that further studies
on this exposure reute shouid be continued. In addition, radiotion exposure criteria specifi-

cally applicable to the nuclear rocket program should be developed to aid in mission evalu-

ation.
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CHAPTER 8.0

SAFETY ANALYSIS OF SELECTED NERVA FLIGHT MISSIONS

For the analysis of the safety of nuclear rocket flight operations for any defined
mission, it is necessary to obtain basic informaticn on the following:

. The kind and number of accidents that can be postulated,

2, An estimate of the accident consequences, and

3. The probubility that an accident can occur,
The previous chapters of this report have summarized the available information in these three
areas as applicable to potential NERVA flight operations. From an evaluation of this
information an estimate of the safeness of the mission may be derived. This section sum-
marizes the results of safety analyses that have been made in the ROVER Program for three
reference nuclear vehicle flight missions. The relative «~£- ‘he missions and the
effectiveness of the safety counterm ntitatively expressed in
terms of the radiation dose received
8.1 MEASUREMENT OF SAFET

In order to judge the safety of a nuclear rocket flight, a nuclear reactor, a nuclear
engine, or in fact any device or operation, it is necessary to define some yardstick which
quantitatively describes the "safeness" of the given device or operation. The term "Safety
Index" has been used to define a parameter which can in some manner express the safeness of
an operation,

Safety indices presently in use in the analyses of nuclear reactor safety and of
missile range safety are generally indicative of the type of safety analysis performed.
Safety analyses of land-hased reactors have stressed the consequences of a reactor accident;
thus the safety index examined frequently is the size of the "maximum credible accident",

On the other hand, chemical rocket propulsion and range safety has emphasized accident

T
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probak ity calculations, based on reliability data obtained from extensive test programs and
f.om actual flight experience.

A number of safety indices for application to nuclear rockets have been proposed(l).
The mos' recent mission analyses for application of the NERVA engire (Section 8. 2) have used
two mci r safety indices as follows:

. Maximum Population Exposure from Worst-Case Accident.  The worst-case

accident is defined as a failure at some instant in the flight trajectory which will result in

the maximum fission product inventory impacting on land surfaces of the earth, The resulting
radiation dose levels to the population are then calculated using appropriate population inter-
action models anc radiological dose exposure models (cf. Chapter 7.0). This safety index

is analogous to the maximum credible accident case for land based reactors, in that the
acciclent (foss=of -coolant for the missicns analyzed to date) is considered credible, but the
probc bility of failure is neglected.

2. Expected Number of Persons Exposed to a Specified Dose Level for a Given

Mission. Whereas, the above safety index is calculated on the assumption that the failure
di4 in fact occur (at the worst point in flight tim-' this index considers the probability of
failure during the entire flight time of the mission, This safety index is based on the nuclear
stage and engine reliability estimates, and utilizes the failure probability function for the
specific miss on (cf. Section 5,2). The expected number of persons that would be exposed to
a given dose (or dose range) as a result of the miszion flight is equal to the integral of the
product of the ¢ .bability of failure per unit time and the expected number of people exposed
for that fa’lure time, integrated over the entire time interval of nuclear engine operation.
Details un the derivation and application of this safety index are described in Reference 2.
Sone additional safety indices have been used by LMSC in the sofety analyses of
explosive destruct a-d auxiliary thrust system countermeosures(z). Their numerical values

were calcu'ate ¥ in the process of obtaining the two major indices described above.

P ARMEINMPFrALITS & 2 /
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Although these lesser indices provide a somewhat more detailed breakdown of the safety
analysis results, the two major indices have been selected to represent parameters that
summarize the relative safeness of selected flight missions(a).

8.2 MISSION DESCRIPTION

Work has been performed in the ROVER Flight Safety Program to evaluate the
effectiveness of countermeasure techniques that might be employed to reduce the radiological
consequences resulting from r.n in-flight failure of a nuclear powered rocket(2:4) The
effectiveness of the countermeasure concepts has been determined for three hypothetical
rocket vehicle flight missions employing a third-stage powered by a NERVA-type engine.
Two of the missions employ a NERVA-| (NRX size, 1120 MW) engine. The third mission
employs a nuclear stage powered by a NERVA (5000 MW) engine.

A brief description of each mission is presented below. A complete description of
the flight vehicle, engine characteristics, and the mission model trajectory and performance
data is presented in Reference 2. The numerical results of the safety indices which define
the relative safeness of each mission and the effectiveness of the countermeasures are
presented in Section 8. 3.

8.2,  Mission Model | - Orbital Stortup of NERVA-I

Model | is defined as o 70-hour lunar-transfer mission involving orbital startup
of a NERVA-I (1120 MW) powered nuclear stage at 100 nm without rendezvous. The ascent
trajectory to 100 nm employs an MLV -Saturn V-I booster, After the boost phase which lasts
588 seconds, the nuclear stage is injected into a 100 nm orbit. After pari.—orbit injection,
the second stage (MS-~I!) of the booster is separoted and decelerated to de-orbit velocity,
The nuclear stage and payload coast in a parking orbit to allow time for checkout and to
satisfy launch-window constraints. The nuclear stage is started and operated until injection
energy for ¢ 70-hour lunar transfer is achieved. The nuclear stage is ther jettisoned, having
delivered a paylood of 144, 000 pounds to injection. The NERVA engine operates for 1449.¢

8-3
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seconds in this mission. The trajectory simulation for this mission utilized instantaneous
staging of the three vehicle stages. The nominci 90-minute parking orbit was omitted since
it is of little interest to the analysis. A summary of the nuc:ear stage trajectory data as a
function of time after launch is shown graphically in Figure 8-I.
8.2.2 Mission Model |l - Sub~orbital Startup of NERVA-)

Model 11 is defined as a 70-hour lunar-transfer mission utilizing sub-orbital start

of a NERVA-| (1120 MW) powered nuclear stage. A MLV-Saturn V-l delivers the nuclear

stage and payload to an altitude of 91.5 nm. The booster operation lasts 586 seconds. At
this point, the nuclear stage is started and operates for 58] seconds to a nominal altitude

of 100 nm. Because of the shutdowr transient thrust, the nuclear stage and payload enter

an eccentric orbit having an apogee of 289 nm and a perigee of 100 nm. After orbit
injection, the NERVA is pulse-cooled until the point of required restart. When launch-
window constraints have been satisfied, the nuclear stage is restarted and operates for a time
period of 1560 seconds until the injection cnerg; for a 70-hour lunar transfer is achieved,
This mission delivers c payload of 157,000 pounds to injection. The trajectory simulation
included a propellant allowance allocated for after-cooling during park-orbit coast; however,
the thrust pulses were not included, since shutdown causes the major perturbation on park-
orbit eccentricity and the effect of after-cooling is relatively minor. The nuclear stage
trajectory characteristics are shown in Figure 8-2.

8.2.3 Mission Model IlI-Utilizing NERVA Engine

Mission Model Ill, a Mars fly-by mission, requires three launches and involves

the Earth orbit rendezvous (EOR) and assembly of an orbit launch vehicle (OLV) in space.
The initial launch of the MLV Saturn V=l and kick stage places a partially fueled nuclear
propulsion module into a high earth orbit of 262 nm. After checkout of the nuclear stage
in high orbit, a second launch vehicle and kick stage delivers the orbital tanker which

provides the rest of the propellant for the nuclear stoge. The third launch vehicle, a



- - . Astronuclear

| & - e Laboratory
WANL-TME -1506
SNVIQVY - TIONV H1Vd 1HOI4
9 - ot o~ -
o [~] (=] o [~] (=]
I [ | I [
©
_ ,01 X DI/W = ALID01IA © &
. ) 2
P, o =]
r | | ] °
oL x W - 3aniNv
o ¢ "
o~ o &
T { ~

I I

ESCAPE
VELOCITY
ATTAINED

.
-
|

ALTITUDE
VELOCITY

o
-
-
-—r

FLIGHT TIME AFTER LAUNCH - SEC x 103

1.0

Figure 8-1. Trajectory Data of Nuclear Stage After SN Startup (Mission Model )

| |
\\\\\\\\\\\\\\}\\\\\\ NN N NSNNNNN
L o} -‘3
%
zo L
] ] 1 | ] 1 { °
@ 0 o q
GOt ¥ 14 -3anunv
[ 1 L 1 1
™~ ] Nt - o, ~ Y
L] L] L] L] o~ ~ o
SO 23$/14 - ALIDOVIA
| 1 1 | 1 |
S EY 2 L e i °

D30 - NONY Hive LHONY

c—emeaTIA el

‘v L _ i

8-5



@ e et AP
——— RPN

AS"OHUCMQI’ i el W B A WE m = ;
Laboratory -~ e . T S

WANL-TME-1506

SNYIQYY - NTONY Mivd IHONE

o 2 1 b [} ~ = s ;
[~ X F=1 N - ] -
F T $—F T T —F- T
L01 = IV W -ALSOYIA o
(=} o o "~ ]
- -1 g o~
{01 *wx }NiHIY g
l [ 3
— -
AN ANDMNIANNANNNNY —
4= -
E - -
3 0
S
B 3
c
L. e (]
~ -
L]
v
~ 2
z 3 o
2. >
._&‘55'- LY =
< O
o
(V]
"o v
» t g
4 [T}
L. e 2 -
i i e
¥ <
2 )]
h]
z g
o -
< (Vo)
s 1 ~
- 42 2 ]
% 2
2 )
) z
e
- -4"_’;
O
-
[}
(o)
M >~
£ 5
PR -
| ! 7]
2
o
L
[
o~
s - )
[}
[
2
ART I RN AN DR R A IR A I R R RN @ o
. = (T
Rz
———t——i~ | S S Y & by
d ~w or L 2 lad -*r
o 7 AsT MmN Y
. L i L — i & i
r ] .2 B M " % -
- -~ ~ re -~ P v ~ e
IR LRTRLY P A Y J
L L y i < - -~
3 I :

7 PR 4 ) BT CTLS A XY

T
PV NSEY Y Y I T _l

‘ L A B X an ]

8-6



e T  —

PR m—— —  ——— Astronuclear
o e — Laboratory
WANL-TME~-1506

conventional Saturn V booster, and kick stage deliver the interplanetary spacecraft and crew
to the rendezvous orbit, where assembly of the OLV is completed. After assembly and check-
out, the OLV coasts in orbit to satisfy launch window constraints. The nuclear stage is
then started, and the NERVA engine operates until injection energy for the Mars transfer
is achieved, The nuclear stage trajectory data are shown in Figure 8-3,
8.3 POPULATION DOSE EXPOSURES

The safety analysis of the passive re-entry approach and of the explosive destruct
and ATS countermeasure systems for each of the above missions has been described in
References 4 and 2, respectively. This section summarizes the radiation dose exposure to
the general population as presented in these references. A direct comparison of the whole
body gamma dose population exposures received under passive re-entry conditions and the
exposures received following the destruct or ATS countermeasures has not been made, since
different exposure models and analysis conditions were utilized. The WANL analyses
(passive re-entry) used the MOREDO model, and considered the fission product inventory
losses occurring by diffusion under loss-of-coolant conditions prior to actual passive dis-
assembly of the reactor. The LMSC analyses utilized the exclusion area model for
population doses and considered no depletion by fission product diffusion. Some exposures
were also calculated by LMSC utilizing their mobile receptor dose model. The influence
of using this alternate model is noted in the results below where data are available.

8.3.1 Passive Re-entry

The maximum population exposures for the worst case accident (Safety Index No. 1)
for the three missions are summarized in Table 8-I, The number of persons exposed for
the case of Mission Model |l sub-orbit start is dependent un the tumbling rate of the reactor
during re-entry, which affects the rate of ejection of the fuel elements out of the reactor.
A slow tumbling rate results in o larger contaminated earth area with greater number of

persons exposed. The expected number of exposures for Mission Model 1l reported in the

- - - -
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table are for the minimum tumbling rate (tumbiing rate sufficient such that the core was
emptied of elements when the re-entry vehicle reached 270, 000 feet altitude.) The
additional number of exposures external to the plane source are also included in the totals
shown for the suborbit phase of Mission Model I1.

Table £-2 summarizes the expected number of persons exposed to varying dose
ranges for the three missions (Safety Index No. 2). It can be seen that Mission Model Il
results in the greatest number of people receiving a significant dose. Note that when the
probabili+v of flight failure is considered (including the fact that only failures occurring
within 7 percent of the total sub-orbital nuclear flight time result in African impacts) the
expected nuraber of exposures for the sub-orbit flight portion of the mission is very small.
Thus it is the orbital portion of Mission Model Il that introduces the possibility of exposing
the greatest number of people to a significant dose.

Analyses of the uncertainties in the calculated values of population exposures have
been made and these show that if the maximum positive uncertainties in the results were
applied to the values of Table 8-l, the expected number of people exposed in each dose range
would increase by not more than a factor of 2 to 3. Negative uncertainties could reduce the
calculated number of exposures by as much as a factor of 100 or even greater. Thus, the
analyses are considered conservative, in that the results are close to the upper limit of the
possible population exposure.

Lockheed(z) has calculated the worst case exposures and the expected exposures
resulting from "non-countermeasure action" using their exclusion area dose model. Their
non-countermeasure case is analogous to the WANL passive re-entry approach in that no
direct countermeasure action is taken at time of failure. The LMSC reference re-entry
source material is considered to be 1626 fuel elements, released essentially at time of {light
failure, The delay time in core disassembly and degradation time of the reactor under
passive re-entry conditions due to post-operational heoting has been neglected. Thus for

failures from orbit start, the non-countermeasure case closely approximates the pacsive

- T - —
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re-entry approach. However, for failures from sub-orbit start (Mission Model II), the delay
time n core disassembly and element ejection is important, and thus the non-countermeasure
cuse does not accurately represent the true re-entry characteristics of the radioactive core
debris.

The resv!ts for the worst-case exposures and for the expected exposures for the
non-countermeasure case _or all missions are presented in Ta.les 8-3 and 8-4, respectively.
Comparison of thes. rables with Tables 8-1 and 8-2, show that, in general, the non-counter-
measure case using the exclusion area dose model results in a lesser number of perscns exposed
than does the possive re-entry analysis using the MOREDQO dose model. The Mission Mcdel i
sub-orbit, nor ~countermeasure, worst-case exposures are significontly greater than for passive
re-entry, since the LMSC worst-case analysis resulted in impact of the tuel elements very close
to the densely populated city of Nova Lisboa, Angola.

The Lockheed iAobile Receptor dose model(zzvas applied to the analysis of the non-
countermeasure case for Mission Model Il. A comparison of results for the worst case accident
is shown ir Table 8-5. The mobile receptor resulis are bused on the assumption the receptor
has a standard deviation of 25 meters from his center of motion (i.e., the receptor has a
probability of 0. 606 of being within a circle of 25 meters radius about his center of motion;
see Appendix C of Reference 2), The difference in the expected exposures for Mission Model |l
as calculated by *the exclusion ares and LMSC mobile receptor model is shown in Figure 8-4.
It is not possible to compare the Lockheed mobile receptor exposures with those obtained by

the MOREDO program because of differences beiween the two models.

8.3.2 Explosive Destruct

The maximum population exposures to whole body gamma doses for the worst-case
accident are summarized in Table 8-6. Because of the large number of trajectory calculations
requivad for destruct analysis, only the dose received in a 4-day exposure period was calculated.
However, it would be expected that the variation of safety index values with increased dose
exposure time should follow the same general trend as for the non-countermeasure case

(Table 8-4), Al analyses were made "lobed" destruct pattern with debri. concentrated in

four jets.
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Figure 8-4. Expected Exposures versus Dose Level for Entire Mission Model [1. Mobile
Receptors with Center of Motion = 25 Meters (Non-Countermeasure Case)
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The beta dose skin exposures for the worst case are summarized in Table 8-7. The
values represent the dose delivered to a 1 cm2 disk of skin. The skin depth dose (at 100y
depth) was also calculated, and the results generally were about 100 times as high as the
disk dose. Data are insufficient to determine which of the two methods of representing dose
from a particle will be of greater value in correlating biological damage. The gastro=
intestinal tract interaction probabilities were analyzed, but were found to be small (less than
a foctor of 3000) in comparison with skin contact exposure probability, The dose levels for
gastrointestinal exposures are generally near those for skin (within a factor of about 2), so
that additionol exposures by this route are considered negligible,

The expected population exposures for each mission (Safety Index No. 2) are

summarized in Table 8-8,

8.3.3 Auxiliary Thrust System

Safety indices analogous to those defined for the passive re--entry (or non-counter~
measure) and destruct have been defineéz)- The basic assumption for deriving the ATS safety
indices is that when the ATS operates properly, zero exposures result; when it does not, the
number of exposures and inventory are nearly identical to those of the non-countermeasure
case.

The reliability of the ATS system is used to calcuiate both the exposures given o
failure (given failure at maximum impact inventory for Safety Index No. 1) and the expected
number of exposurcs for the entire missicn (Safety Index No. 2). If the reliability of the ATS
at some time, t, is Rt’ then (I-R‘_) is the probability that the ATS will not work, Thus, the

expected number of exposures given a failure is merely:

n
N = - = - Z N.
ats N( Rt) ( Rt’ i=1 i
where:
cts = number of exposures given a failure when the ATS system is carried
N = number of exposures given a failure in the non-countermeasure case
n = the number of regiuns in which impact occurs

STONl VL. - . ST '
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Similarly, if the ATS reliobility is assumed to be constant throughout the flight, the

expected expotures for the entire mission will be:

Eots - “ - Rt) € non-countermeasure

A reliability of R' = 0. 95 was assigned by LMSC(?)in the safety analysis of ATS opero-
tion. This reliability wos assumed to be constant throughout the missions. Thus the calculated
exposures values for ATS operation are equal simply to the values of the non-countermeasure
case exposures (Tables 8-3 and 8-4) times (1-Q, 95); thot is, the expected ATS exposures are
1/20th of the non-countermeasure exposure values. These expected ATS exposures for the
worst-case accident and for the entire mission are tabuloted in Tables 8-9 and 8-10,
respectively. Values for Mission Model || by the mobile receptor model are included for

comparison,

8.3.4 Nuclear (Self) Destruct

A detailed safety analysis of the nuclear destruct couritermeasure concept as applied

to the three mission models has not been made. However, a preliminary study was made by the
NUS Corporation to present a comparison of the radiological consequences between the high

(5)

explosive destruct and nuclear destruct concepts ™. The analysis is based cn experimental
data obtained from the APG-3 and KIWI-TNT experiments, and utilizes the exposure
probabilities and radiological dose models that are summarized in Chapter 7.0 of this report.
The characteristics of the fuel debris following nuclear ond explosive destruct will
exhibit several differences. The most important differencesin the characteristic that will
affect population exposures are the size and number distribution of particles, the fission pro-
duct inventory lost by vaporization, and the fission product distribution in the debris particles.
The NUS analysis considered a sub-crbital start mission of an NRX-size reactor, with
failure and destruct occurring 1090 seconds after launch (nearly identical to Mission Model 11).
The radiological doses are derived from consideration of the particle ground density and the

fission product activity per particle. For explosive destruct, the inventory of fission products

was assumed uniformly distributed throughout the particle volume. For nuclear destruct, the

RTTLIN | | A
8-20
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fission products were assumed uniformly distributed over the surface of the particle, and using
grophical data from the TNT test on number versus size distribution the inventory per particle
was calculated,

Explosive destruct results in a large proportion of very smail particles, with maximum
particle size of 26.9 mm, Nuclear destruct (TNT Test) created a lesser total number of
particles, but with a significant number of fragments (ca 9600) in the 56 to 100 mm size range.
These larger fragments account for approximately 96 perc :nt of the total activity of the
fragments,

The safety analysis showed that the external whole body gomma dose expcsures
resulting from nuclear destruct are at least 50 times greater than those which could occur from
explosive destruct. The population dose and the average individual dose for persons exposed

in Africo are:

Man-Rad Rad/Person
Explosive Destruct 3.2x 103 0.054
Nuclear Destruct 4.4 x 105 7.5

Analysis of gastrointestinal tract doses shows the explosive destruct system offers
less dose for a given exposure probability than does the nuclear destruct. This analysis
considered a two-thirds depletion of the fission product inventory due to vaporization in the
case of nuclear destruct based on the KIWI-TNT results. However, any loss of fission pro-
ducts condensed on the surface of the nuclear destruct debris during re-entry has been
neglected., An appreciable loss by ablation or burn-up during re-entry could significantly
affect the above conclusions. The reactor operating and post-operational temperature effects
may significantly aiter the particle size and the size distribution for either destruct system,
In addition, the explosive destruct te-ty conducted to date do not adequately reproduce
conditions that exist at time of destruct with a flight configuration system, Similarly, the
data from KIWI-TNT does not provide adequate data as to the ccpabilities and requirements
for nuclear destruct, Thus, a comparison of the radiological consequences to the population

due to the two destruct countermeasures cannot be evaiuated with a high degree of confidence.
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